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54  ABSTRACT

55 We explored the expression of the aldehyde dehyhrage (ALDH) superfamily in two model
56  plants,Physcomitrium patens (moss) andHordeum vulgare (barley), under various stress conditions.
57 The ALDH enzymes are crucial for oxidizing aldehyd® carboxylic acids and are involved in
58 multiple metabolic pathways. We found significaiffatences in enzyme expression between moss
59 and barley within the same ALDH families. We theoused on the ALDH5, ALDH10, and ALDH21
60 families, which are part of theaminobutyric acid (GABA) shunt, noting that the BH21 family is

61 absent in barley. The kinetic properties of ALDHAd ALDH5 enzymes were analyzed, revealing
62 that PpALDH5F1 exhibits high specificity for sucmrsemialdehyde (SSAL), a product of GABA.
63  The crystal structure of PpALDH5F1 identified kessidues for SSAL binding. Knockout mutants of
64  mossaldh5F2, aldh10Al, and aldh21A1 showed slightly smaller colonies than the wildeyGABA

65 and glutamate levels were elevatedaidh5F2 and aldh21A1 knockouts due to a partially blocked
66  GABA shunt pathway, whilaldh10Al1 knockout showed no changes in GABA levels. Trapszmic

67 data revealed a link between several genes, imgusik upregulatedlutathione-Stransferase genes
68 in all three aldh knockouts, suggesting a direct compensatory mestmaror oxidative stress

69  protection via conjugation of undegraded aldehydeagutathione.

70
71  KEYWORDS
72 Abiotic stress, aldehyde dehydrogenase, GABA shghttamate, glutathione-S-transferase,

73 Hordeumwvulgare, hormone, knockouBhyscomitrium patens, succinic semialdehyde, X-ray structure
74

75 ABBREVIATIONS

76 AASAL, a-aminoadipate-semialdehyde; ABA, abscisic acid; ABA-aminobutyraldehyde;
77  ALDH, aldehyde dehydrogenase; APAL, 3-aminopropidehyde; AMADH, aminoaldehyde
78 dehydrogenase; BA, benzyl adeningALA, p-alanine; DAO, diamine oxidases; GABA:-
79 aminobutyric acid; GABA-T, transaminase; GAD, gla&te decarboxylase; GBAL, 4-
80  guanidinobutyraldehyde; GHB, 4-hydroxybutyrate; GRfutamate dehydrogenase; GRSAL, glutaric
81 semialdehyde; GSAL, glutamayesemialdehyde; HvHordeum vulgare; MeJA, methyl jasmonate;
82 MST, microscale thermophoresis; NiR, nicotinamideoside; PAO, polyamine oxidase; PEG,
83  polyethylene glycol; PpPhyscomitrium patens; SSAL, succinic semialdehyde; TCA, tricaboxylic
84  acid; TMABA, trimethyly-aminobutyric acid; TMABAL, trimethyl-4-aminobutyldehyde
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86 INTRODUCTION

87 ALDHs constitute a superfamily of NAD(R) dependent enzymes that detoxify released
88 aldehydes to nontoxic carboxylic acids and at 1&8sALDH families have been identified in plants
89 (Brockeret al., 2013; Tolaet al., 2020; Stitiet al., 2021). ALDHs sharing more than 40% sequence
90 identity belong to the same family. Each family rhemis followed by a letter representing the given
91  subfamily and another number for the individualgeithin that subfamily. Many of the plaAtDH

92 genes are stress-responsive, indicating their itapoe in adaptation to environmental changes
93  (Sunkaret al., 2003). ALDHs are associated with various metabpéithways, as well as metabolites
94  that play a crucial role in stress responses. Kamgple, reactive oxygen species are responsible for
95 the peroxidation of membrane lipids and the praduactof short aliphatic aldehydes such as
96  malondialdehyde, hexanal, nonanal and their ursggdrand hydroxylated derivatives, which can be
97  detoxified by members of ALDH2 and ALDH3 familiekqncitikova et al., 2015; Sunkaet al., 2003;

98  Siiti et al., 2011). Additionally, the coenzyme product NAD(PgHntributes to the maintenance of
99  cellular redox balance.

100 Land plants sense the nutrient and energy statéhefcells and perform metabolic and
101  developmental adaptations using, for example, “@argf Rapamycin” and “AMP-regulated
102  kinase/Sucrose non-fermenting 1” kinase pathwaysbéBlia et al., 2012). The contribution of
103  hormones is also important. Abscisic acid (ABA)yslaa crucial role in osmotic stress responses,
104  while ethylene is involved in submergence respofifedyamaet al., 2022; Yasumurat al., 2012).
105  Among other hormones, sensing of cytokinin and mukey factors in plant growth, is already present
106  in mosses (von Schwartzenbergtkal., 2016; Thelandest al., 2018). Jasmonate signaling is slightly
107  different in mosses, as only the cyclopentenoneysser of jasmonic acid is synthesized (Sturdpe
108 al., 2010; Monteet al., 2020). Nevertheless, mosses respond to metbiylgaate (Ponce de Leéh
109 al., 2012).

110 Stress adaptation includes the production of coimpabsmolytes or changes in nitrogen-rich
111 compounds. Proline acts both as a compatible ogeolyhich accumulates during abiotic stresses,
112  and as an energy source during pollen maturatidngamnmination in plants (Hare and Cress, 1997).
113  Plant ALDH12 regulates the degradation of proliReo]) as well as of ornithine and arginine (Arg)
114  into glutamate (Glu) (Korasic&t al., 2019), while the bi-functional ALDH18 catalyzé®se synthesis
115  of Pro from Glu (Funclet al., 2020). Arg is a storage form of organic nitrogerd a precursor for
116  polyamine synthesis (Bagni and Tassoni, 2001).dpoiges are important secondary metabolites and
117  for example, spermidine is well-known to activale tplant antioxidative responses under abiotic
118  stress (Seifi and Shelp, 2019).

119 Catabolism of polyamines, Arg or lysine releaseghlyi reactive aldehydes such as 3-
120  aminopropionaldehyde (APAL), 4-aminobutyraldehyd&BAL), trimethyl-4-aminobutyraldehyde
121 (TMABAL) and 4-guanidinobutyraldehyde (GBAL), whicare all detoxified by members of the
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122 ALDH10 family (also annotated as aminoaldehyde debgenase, AMADH) (Tylichovét al., 2010;

123 Kopecny et al., 2013). Plant ALDH7 contributes to lysine catédml (Kortitikova et al., 2015).

124  Several ALDH10 reaction products, such as glyciretaine (GB), f-alanine or trimethyl-4-
125  aminobutyrate (TMABA), function as compatible osgiek (Le Ruduliert al., 1984; Rhodes and
126 Hanson, 1993; Duha=zt al., 2003; Jacquest al., 2020). Oxidation of ABAL leads tp-aminobutyric

127  acid (GABA), which is involved in numerous procesg®lichaeli and Fromm, 2015; Shedp al.,

128  2021). GABA reduces stomatal opening and consetjuéogs of water (Xuet al., 2021), affects
129  pollen development (Palanive#t al., 2003), modulates the activity of 14-3-3 proteamsl carbon-
130  nitrogen balance (Lancien and Roberts, 2006;dfait, 2011), and participates in biotic responses via
131 the 2-hexenal signaling pathway (Mirabe#taal., 2008). GABA also acts as a signaling molecule by
132  regulating aluminum-activated malate transporteanciels, which play a key role in fine-tuning
133 responses to abiotic stress (Rametsdl., 2015).

134 Notably, GABA interconnects the polyamine degramtativith the GABA shunt, which is
135 considered an adaptive metabolic pathway that helpsaintain the respiratory rate in mitochondria
136 by supplying succinate to the tricarbokyhcid (TCA) cycle (Studart-Guimaraesal., 2007). The
137  GABA shunt begins in the cytosol, where GABA is thasized either from Glu by the Glu
138  decarboxylase (GAD) or from polyamines by the palge diamine oxidases (PAOs and DAQOs) and
139  ALDH10 (Fig. 1). GABA is transported into the mitoandria by GABA permease (Michaeti al.,

140  2011), where it is converted to succinic semialdehySSAL) by GABA transaminase (GABA-T).
141  Subsequently, SSAL is either oxidized to succinateSSAL dehydrogenases (often abbreviated as
142  SSADHSs or SSALDHS) or reduced to 4-hydroxybutyr@iB) by a glyoxylate reductase (Michaeli
143  and Fromm, 2015; Sheht al., 2021). The succinate is further oxidized by soat® dehydrogenase,
144  which also serves as an entry point to the eledrammsport chain. SSALDHs comprise two distinct
145  ALDH families: the mitochondrial ALDH5 uses NADas a coenzyme and the cytosolic ALDH21
146  utilizes NADP. The latter family is absent in higher plants dxa been characterized in detail in
147  Physcomitrium (Kopeinaet al., 2017).

148 Here, we analyzed the expression pattern oAtli#H superfamily in two model plants, namely
149  Physcomitrium patens and Hordeum wulgare. Physcomitrium is a highly desiccation-tolerant
150 nonvascular moss that diverged from unicellulanalghore than 400 million years ago and is a close
151 living relative of the earliest land plants (Remsét al., 2008).Hordeum vulgare cultivar Morex is a
152 US spring six-row malting barley (Maschetr al., 2021), one of the most economically important
153  crops worldwide, representing a model of the highlant. We analyzed how abiotic stress responses
154  were altered among the saeDH families in these two model plants. In particulag focused on
155  families related to the GABA shunt pathway. Whhe tmoss ALDH5 and ALDH10 enzymes have not
156  been studied yet, those from barley have been tegh¢¥amauraet al., 1988; Fujiwaraet al., 2008).

157  We analyzed the kinetic properties of the singlAIHpH10 and two PpALDH5 members. We solved
158  the first plant crystal structure of PDALDH5F1, ealing the binding mode of SSAL. Because mosses
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159 possess a unique drought-inducileDH21, absent in barley, we investigated whetA¢&DH21
160 confers specific benefits under stress and whethkted ALDHs can compensate each other.
161  Therefore, we produced moskih5F2, aldh10A1 andaldh21A1 knockouts to obtain complementary
162 information on the importance of each family foe tlegulation of GABA levels and analyzed levels
163  of closely related metabolites.

164

165 MATERIALSAND METHODS

166  Barley (Hordeum vulgare) and moss (Physcomitrium patens) genome analyses

167 A genome of barleyHordeum wulgare L. cv. Morex (MorexV3) and mosBhyscomitrium
168 patens v6.1 (Mascher et al., 2021; Bi e al., 2024) at Ensembl Plants
169 (https://plants.ensembl.org/index.hyménd Phytozome _(https://phytozome-next.jgi.doelyowere

170  screened foALDH genes. Regions of the genome with significant ithgrincluding 2000 bp before
171  the start and after the stop codon, were retri@xgilg the Samtools-faidx function from the Samtools
172 package (Let al., 2009). The regions with 100% identity were gapfae to the possible presence of
173  introns. The gene regions were manually reannotateldcompared to the RNA sequences deposited
174  at NCBI using the blastn tool (https://blast.nclonmih.gov/Blast.cdi RNAs with 98-100 % identity
175  and E value below Tewere considered.

176

177  Quantitative PCR (qPCR) analysisof ALDH expression in barley and moss

178 MossP. patens (‘Gransden 2004 strain) was grown in liquid Knop'dium (15 mM nitrogen)
179 and then exposed for 48 hours either to 4®M mannitol, 3000mM NaCl, or nitrogen stress (N-
180  stress, 1.5 mM nitrogen; N+ stress, 24 mM nitrogercalcium nitrate). Hormone treatment with 10
181 uM abscisic acid (ABA), methyl jasmonate (MeJA)iakynin derivative benzyl adenine (BA) or
182  auxin analog 2,4-dichlorophenoxyacetic acid (2,4id3fed for 24Jhours. Heat stress was done at 37
183  °C for 1 hour, followed by a recovery period; caldess was done for 5 hours at 5 °C. Two-week-old
184  barley (cv. Golden Promise) seedlings were growardyonically in standard Hoagland solution (15
185  mM nitrogen; ammonium nitrate) and then exposedsimotic stress (20 % PEG6000) or salt stress
186 (200 mM NacCl) for 48 hours. Nitrogen and hormormsatments were identical to those of moss.

187 Plant material, either two 200 ml moss cultures ool of 20 barley seedlings, was disrupted
188 in a mixer mill (MM 200; www.retsch.com The RNA from moss was extracted using the
189 citrate/citric acid method (Ofiate-Sanchez and M&d€Parbajosa, 2008). The final samples were then
190 precipitated with LiCl, washed twice with 70% etbh(v/v), and diluted in DEPC-treated water. The
191  RNA was extracted from barley seedlings using thenpl-chloroform method with TRIzol reagent

192  and treated with Turbo DNase (www.thermofisher.rofranscription was performed in duplicate

193  using a LunaScript RT SuperMix, and qPCR was cotedlut six technical replicates using an RT
194  Luna Universal Probe gPCR Master Mix (www.neb.¢@m a QuantStudio 5 Real-Time PCR System
195  (www.thermofisher.com Primers and the FAM-TAM probes were designedgi§irimer Express 3.0
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196  software. They are listed in Supplementary TableaBd Table S2. Plasmid constructs carrying the
197  PpALDH ORFs were used for PCR efficiency determinatioycl€threshold values were normalized
198 to mosseongation factor 1a (Pp6c2_4070) andbiquitin 2 (Pp6cl4_11780), or barlesongation
199 factor 2 (HORVU.MOREX.r3.5HG0529120and g-actin (HORVU.MOREX.r3.2HG0099270) genes
200 and amplification efficiency.

201

202  Promoter DNA sequence analysis

203 For each gene, the 1,000 bp region upstream daftéirtecodon was analyzed for plant cis-acting
204 regulatory elements using the PlantCARE databaseescfit e al., 2002,
205  http://bicinformatics.psb.ugent.be/webtools/plargdaiml).

206

207  Cloning, expression and purification of selected ALDHs

208 The total RNA from barley leaves arhyscomitrium patens at the protonema stage was
209  extracted using the RNAqueous kit and Plant RNAaksan Aid. The cDNA was synthesized using
210  Superscript IV RT and oligo dT primers_(https://wilvermofisher.com The sequences coding for
211 PpALDH5F2 (Pp6c6_14560V6.1, 1497 bp) and PpALDHEPDP6c26_6240V6.1, 1479 bp) were
212 amplified (Supplementary Table S3) by the Q5 Higthekty DNA polymerase (www.neb.com

213 HvALDH5F1 (HORVUG6Hr1G031480.3, 1581 bp) was amplified to abt&;.;;HVALDHS5F1 devoid

214  of the putative mitochondrial signhal sequence, @RpALDH10A1 (Pp6c5 11700V6.1, 1680 bp) was
215 amplified to obtain A;s,PpALDH10A1 devoid of the putative chloroplastic signal seqeenc

216  (Supplementary Table S3). The amplicons were fuortlboned into a pET28b vector

217  (www.merckmillipore.comm and then transformed into Rosetta 2 (DE® coli cells

218  (www.merckmillipore.comm Mutants of PpALDH5F1 were cloned using phosphorylated tail-to-tail

219  oriented primers (Supplementary Table S3), withrthutation being located at the 5' end of one of the
220 primers by a PCR reaction in 35 «cycles wusing Aconer Pfx polymerase
221 (https://www.thermofisher.cojn The products were treated with tBgnl, gel-purified and ligated
222 using the T4 DNA ligase_(https://www.thermofisheng and transformed into Rosetta 2 (DEB)

223 coli cells. Protein production was carried out at®’@0overnight using 0.5 mM IPTG. ALDHs were
224 purified on an NGC Medium-Pressure Liquid Chromaaphy System_(https://www.bio-rad.cymon
225 a Nickel-HiTrap IMAC FF column and further on a ldid 26/60 Superdex 200 column
226 (https://www.cytivalifesciences.conm 20 mM Tris-HCI buffer, pH 8.0, 100 mM NaCl. VWbtained

227 6 to 11 mg of pure proteins from 200 ml culturegl Germeation chromatography analyses were
228  performed on a Superdex 200 10/30 HR column in BDphosphate buffer with 100 mM NacCl using
229  Gel Filtration Standard (Bio-Rad).

230

231  Enzymekinetics
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232 The enzyme activity was measured by monitoring thi¢AD(P)H formation
233 (e340=6.22 mM*cm™) at 30 °C on an Agilent UV-Vis spectrophotometd58 (www.agilent.com
234 in 150 mM HEPES buffer at pH 8.2 and 1.5 mM NABubstrate screening was done using 1 mM
235  aldehydes for ALDH10 and 0.25 mM aldehydes for AL®IS$aturation curves for NADand NADP

236 coenzymes were measured using SSAL concentrationjding the highest rates, i.e. 201 for
237  PpALDH5F2 and 40uM for PpALDH5F1/HVALDH5F1. SSAL was purchased frofanta Cruz
238  Biotechnology (www.scht.cojmand AASAL ethylene acetal was from Chiralix_(wveiralix.con).

239  BAL chloride, elementary aliphatic aldehydes, orAAPand ABAL diethyl acetals were purchased

240 from Sigma-Aldrich (www.sigmaaldrich.comand GRSAL was synthesized by oxidation of D,L-2-
241  aminoadipic acid with chloramine-T (Adams and Che®/1). APAL, ABAL, GBAL, TMABAL or
242 AASAL were always freshly prepared (Tylichogal., 2010). Kinetic constants, including their S.E.

243  values, were determined by nonlinear regressiomgugsihe GraphPad Prism 8.0 software
244  (www.graphpad.con

245
246 Crystallization and structure determination
247 Crystallization conditions of purified PpALDH5F1 20.0 mg il were found with the Classic

248  Suite (www.giagen.con Crystals of the apoform or the complex with 2 mMMD* were obtained in
249  hanging drops in the presence of 1.7 M LiS® 100 mM HEPES, pH 7.5. Those with NAD
250 comprised 100 mM sodium succinate. Crystals weyemptected in mother liquor supplemented
251  with 18% PEG 400 or 25% glycerol and flash-frozenliquid nitrogen. Diffraction data were
252  collected at 100 K on the PROXIMA 1 and 2 beamlinas the SOLEIL synchrotron

253  (www.synchrotron-soleil.jr Intensities were integrated using the autoPROC

254  (www.globalphasing.coin and XDS program (Kabsch, 2010) and further regssed by
255  STARANISO (Tickleet al., 2018). Molecular replacement was performed wiliager (Storonét al.,
256  2004) using the structure of timo sapiens ALDH5 (PDB 2W8Q) (Kimet al., 2009) as the search
257  model. Models were refined with NCS restraints ahé using Buster 2.10 (Bricogret al., 2011)

258  and with ligand occupancies set to 1. Electron iflensaps were evaluated using COOT (Emsley and
259  Cowtan, 2004). Molecular graphics images were gaadrusing PYMOL v 2.5 (www.pymol.org
260  Data collection and refinement statistics are ipfementary Table S4.

261
262  Affinity and thermal stability determination
263 The MST and spectral shift methods were used terhte the binding affinity using Monolith

264 NT.115 and Monolith X instruments_ (www.nanotempeghnologies.cojn The enzymes were
265  fluorescently labeled using the RED-tris-NTA dyel(2ye/protein molar ratio). Labeled PpALDH10
266  was adjusted to 100 nM with 50 mM Tris-HCI buffaQ0 mM NaCl and 1% GOL. Measurements

267 were performed in premium capillaries at 25 °C. ried stability was measured using nano-

268  differential scanning fluorimetry on Tycho NT.6 andPrometheus Panta instruments

8
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269  (www.nanotemper-technologies.cbimn various buffers and in the presence of pugasiubstrates and

270  coenzyme, in a range of 20 to 95 °C, with a heatitg of 1 °C miil, and using Panta control
271  software. Protein unfolding was measured by detgdtie temperature-induced change in tryptophan
272 fluorescence intensity at emission wavelengths3@f &1d 350 £ 5 nm. The melting temperatdrg) (
273 was deduced from the maximum of the first derivat¥ the fluorescence ratioss§#Fsso.

274

275  Cloning of genereplacement vectorsand preparation of Physcomitrium knockout mutants

276 Functionalaldh5F2, aldh10Al, and aldh21A1 moss knockouts were prepared using a gene-
277  replacement pBNRF vector containing a resistanssatte flanked by 1000- to 1200-bp-long genomic
278  fragments from the'mnd 3 regions of the corresponding genorR@ALDH loci. The fragments were
279  cloned (Supplementary Table S5), further digested leggated into the pBNRF vector, conferring
280 G418 resistance. The transformationFofpatens protoplasts (Schaefext al., 1991) was carried out
281 using the constructed replacement vector, from lwhiee respective transformation cassette was
282  released upon double digest. Up to 100 stable fimeess were obtained after three rounds of selection
283  The haploid status of ~ 50 transformants was \egtifiy flow cytometry and up to 20 transgenic lines
284  for each mutant were then analyzed by PCR for hogmls recombination at the corresponding loci
285 and by qPCR for the absence of the transcript usikig-TAMRA probes. Finally, seven independent
286  homozygousaldh5F2 lines, eightaldh10Al lines and fivealdh21A1 lines were selectedStrains were
287 grown in a BCD medium and maintained in growth cham at 25 °C illuminated with white light
288  under 16/8-h light/dark periods with a photon fap&0 pmol m?s™

289

290 Phenotyping and metabolite screening in moss upon drought and salt stresses

291 Three aldh knockout lines for each gene were chosen for noditaband phenotypic
292  characterization ifP. patens. Point inoculation was performed with three indegent lines for each
293  knockout into 6- and 24-well plates containing nfiedi Knop medium (Reski and Abel, 1985)
294  enriched with trace element solution, vitamins tartrate and NaCl (Ashton and Cove, 1977) and 1%
295 plant agar. Cultures were grown for 1 month at 22uhder 16/8-h light/dark periods at a light
296  intensity of 75 pmol M s*. Photosystem Il (PSII) and | (PSI) functions wsirultaneously recorded
297  on cultures (pre-darkened for 30 min) using a DAMROO system (www.walz.com) during light
298  exposure by red actinic light (278 pmol photon$ s1) for 16 min and using 300 ms saturating red
299 light pulses (10,000 umol photonsas™). PSII function was assessed by measurement oiinmiax

300 quantum yield of PSII photochemistry/Fy = (Ry — R)/Fu, where ik and ky represent a minimal and
301 maximal Chl fluorescence, respectively, and nont@tieemical quenching (NPQ) of maximal
302  chlorophyll fluorescence under illumination (Bilgand Bjérkman 1990). The PSI quantum yields
303  were further determined (Klughammer and SchreiR6@8), including Y(I), quantum yield of non-
304  photochemical energy dissipation due to PSI doi® kmitation Y(ND) and quantum yield of non-
305 photochemical energy dissipation due to PSI accegide limitation Y(NA).
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306 Moss samples grown in the presence of 300 mM Nagiewyophilized (20 mg each) for
307 polyamine and amino acid determinatidfayar Zeljkove et al., 2024). The analysis was performed
308 on a Nexera X2 UHPLC system coupled with an MS-8@ffle quadrupole mass spectrometer

309 (www.shimadzu.com Amino acids were separated chromatographicadimgs an Acquity UPLC

310 BEH AMIDE column (150 x 2.1 mm, 1.dm particle size) equipped with a matching pre-calum
311  Polyamines, after derivatization with benzoyl cider were analyzed using an Acquity UPLC BEH
312 C18 column (50 x 2.1 mm, 1l.@m particle size) with a corresponding pre-colummakte
313 identification was achieved in MRM mode by compgrihe obtained spectra to those of authentic
314  standards.

315 Samples for dicarboxylic and amino acid measuresnemire prepared from 200 mg of fresh
316  material (FW), which was extracted with 1 ml of ¥8@nethanol containing 0.1% formic acid. The
317  supernatants were evaporated and redissolved inr@8#banol, then filtered on Oygn centrifuge
318  microfilters prior to UHPLC-ESI(-)- QTOF-MS_(httgavww.waters.co using the ARION Polar
319 C18 column (5um, 250 mm x 4.6 mm,_https://www.chromservis)ea/ 30 °C. Mobile phases A

320 (acetonitrile) and B (10 mM formic acid) were mixigdgradient: 0 min 5% A, 0.1 min 5% A, 7 min
321 5% A, 12 min 35% A, 17 min 70% A, 17.5 min 100%18, min 100% A, 19.5 min 5% A, 22 min 5%
322 A The mass spectrometer consisted of an elecagspnization source operating in negative mode
323 (ESI-) and a hybrid quadrupole time-of-fight (QTDFmass analyzer (Synapt G2 Si,

324  https://www.waters.coin The capillary and cone voltages were set to 2akd 15 kV, respectively.

325  Source and desolvation temperatures were set at@2md 500 °C. The collision energy was 20 eV.
326 Centroided data were acquired in a data-dependmptisition mode. The range of scanned masses
327 was 70-1500 Da and 50-1500 Da. Quantitative arsabysnetabolites was performed using external
328 calibration. Oxidized glutathione was putativelyemtified by comparing the MS/MS product-ion
329  spectrum of the detected metabolite with spectoanfthe NIST Tandem Mass Spectral Library
330 (2023). The relative concentration was calculatednfthe peak areas (m/z 611) of the analyzed
331 genotypes and corresponding controls (n = 6).

332

333 RNA-seq data analysis

334 Moss WT andaldh mutants were grown on solid Knop medium with 300 idaCl, and the
335 RNA was extracted using the RNeasy Plant Mini itv(v.quiagen.com PolyA-enriched RNA was

336 used for strand-specific cDNA library synthesisngsithe KAPA mRNA HyperPrep Kit (Roche).
337  Sequencing on the NovaSeq X Plus instrument (Wwiamiha.con) at the Institute of Experimental

338 Botany (https://ueb.cas)zesulted in at least 20 million 150-bp-long re@airs. Raw reads were

339  quality-filtered using Rcorrector and Trim Galoripts (Song and Florea, 2015). Levels of transcrip
340 expression (transcript abundances quantified asdrgpts per million — TPM) were determined using
341  Salmon (Patrat al. 2017) with parameters --posBias, --seqBias, -i@&B--numBootstraps 30. The
342  reference index was built from tife patens CDS dataset v6.1 (Bt al., 2024). Visualization, quality
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control of data analysis, and determination ofedléhtially expressed genes were selected using the
Sleuth (version 0.29.0) package in R software (Bielet al. 2017). Transcripts with-value @aq) <
0.05 and log fold change> 1 (upregulated) o -1 (downregulated) were considered to be

significantly differentially expressed. Gene IDsrfr Phytozome (https://phytozome-next.jgi.doe.gjov/

and Ensembl databases (https://www.ensemblwege used to assign identifiers such as Pantber_|
(https://pantherdb.ory/ PAC transcripts ID, EC number, KOG (http://eqgé@mbl.de/ and KEGG
Orthology (KO) database (https://www.genome.jp/K&gdtml).

RESULTS
ALDH superfamiliesin moss and barley and their relative expression

WhereasALDH gene nomenclature Physcomitrium patens has been published (Brocketral.,
2013), no information is available fetordeum vulgare, one of the most important cereals worldwide.
Therefore, we searched the barley genome (cv MefkxMascheret al., 2021) and compared
identified ALDHs with those in the moss genome. B&ihDH gene nomenclatures are listed in Table
1 and Supplementary Tables S6 and S7.

While 19 genes and 2 pseudogenes are presentpatéhs, 22 genes are found in the barley
genome. Barley lack&8LDH21 and ALDH23 genes but possesses #leDH22 gene, which is absent
in moss. In contrast to the foALDH11 genes and onBLDH11 pseudogene (Supplementary Fig. S1)
in moss, barley possesses only &h®H11 gene coding for a non-phosphorylating glyceraldiehy-
phosphate dehydrogenase (GAPDH) known to regulsimlgsis as well as the synthesis of reduced
sugars such as mannitol (Gao and Loescher, 2003;eRal., 2006). The ALDH2 family in barley
comprises seven putative members compared to twmadss. The ALDH3 family contains five
putative members in both lineages, although PpALRBI& likely a pseudogene. Taken together, 12
out of 22 barley ALDHs should preferentially oxidiboth aliphatic and aromatic aldehydes such as
acetaldehyde, hexanal, nonanal, benzaldehyde Jlovak-linked sinapaldehyde and coniferaldehyde
as reported for other species (Netiral., 2004; Longet al., 2009; Kowitikova et al., 2015; Kirchet
al., 2001; Sunkaet al., 2003; Demurtast al., 2018). We found that three identi¢c4¢ALDH2B gene
copies with three promoters spanning a ~ 41 kbjwnegf chromosome 6 were incorrectly annotated.
The first gene copyIVALDH2B5 (annotated as HORVU.MOREX.r3.6HG0612050.1), latlkesfirst
two exons. The second and third copieSALDH2B6 and HVALDH2B7, are both under the same
annotation aslvALDH2B5 (Supplementary Fig. S1). When properly assemble; all three encode
three 543 aa-long ALDH2 enzymes (Supplementary el &31). All assembled sequences are given in
Supplementary dataset S1.

Moss genome contains 4 genes associated with tHRAGRunt from the ALDH5, ALDH10
and ALDH21 families (Fig. 1)PpALDH10AL, two ALDH5 genes PpALDH5F1 and PpALDH5F2)
andPpALDH21Al (Brockeret al., 2013). The barley genome possesses only &irBé genes linked
to the GABA shunt: on@&LDH5 gene HVALDH5F1) andtwo ALDH10 genes KIVALDH10A6 and
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380 HVALDH10A9). A gPCR analysis under standard conditions (Sarpphtary Fig. S1) using highly
381  specific dual-labeled probes (listed in Supplemsniable S1 and Table S2) showed that transcripts
382  of the GABA shunt-relatedLDH genes listed above are highly abundant.

383 Overall, when comparing adLDH genes in mosfpALDH3H1 and PpALDH11A2 are poorly
384  expressed, although both genes are complete. leybatl ALDH genes are well expressed, except for
385 the triplicated genélvALDH2B5/6/7, whose transcript levels are very low and elevately under
386  specific stress or hormone treatments.

387

388  Stress-responsive ALDHsin mossand barley

389 Gene expression is regulated @ig-regulatory elements, promoter and enhancer anthii,
390 silencers and others (Vihervaasaal., 2017). The promoter analysis using the Plant-EAltabase
391 revealed a high number of stress response-reld¢éateats in moss and barléy.DH superfamilies
392  (Supplementary Fig. S2), including drought-respemsaVYB sites, stress-responsive (STRE) and
393  ABA-responsive elements (ABRE) known to be linkeddrought stress adaptation (Waeigal.,

394  2025). The presence of a motif does not solely aniae a change in expression due to varying
395 chromatin accessibility, binding site occupancy,otiner factors. Therefore, we studied by gPCR
396 changes in expression upon various abiotic strgslseaght, salt, nitrogen, heat and cold) and sdver
397  hormone treatments including ABA, MeJA, auxin agtb&inin (Fig. 2).

398 In moss, salt and osmotic stresses, as well as &&#&ment, resulted in a strong upregulation
399  of four genes from the ALDH3, ALDH11 and ALDH21 fdies (PpALDH3H1, PpALDH11A2,

400 PpALDH11A4 andPpALDH21A1), but also in a strong downregulation of threeggefiom the same
401  families: PpALDH3K2, PpALDH3K3, andPpALDH11A3 (Fig. 2A). Heat and cold stresses generally
402  decreased the expressionRpALDH genes, except fd?PpALDH11A3 andPpALDH11A4, which were
403  upregulated. During a 1-hour heat recovery perithe three PpALDH3 genes, PpPALDH3HL,

404  PpALDH3H2 and PpALDH3K2, were upregulated (Fig. 2A). Notably, the exprassof either
405 PpALDH12 or PpALDH18, which are associated with the regulation of melmetabolism, was not
406  significantly altered. Responses to MeJA were nalid not statistically significant. Cytokinin
407  treatment resulted in the upregulation BpALDH21Al1 along with PpALDH11A4 and the
408 downregulation of botiPpALDH3K3 and PpALDH7B4. The responses to auxin treatments were
409  stronger, with several genes mildly upregulated|uiding those from families 5 and 10 and three
410 genesPpALDH3H1, PpALDH3H2, andPpALDH11A2) downregulated.

411 In barley, stress responses were very differemh fnaoss within the same ALDH families. Salt
412  and osmotic stresses, as well as ABA treatmentjtegkin a strong upregulation of seven genes from
413  six different families: ALDH2, ALDH3, ALDH5, ALDH7 ALDH12, and ALDH18. In contrast, moss
414  showed upregulation of only three genes, all fraemALDH3 family. Thebarley genes fromPMALDH12

415 and ALDH18 families are involved in proline metabolism, thdsem ALDH2 andALDH3 are linked

416  to cell wall lignification and lipid peroxidatioiarleyALDH7B6 gene contributes to lysine catabolism
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417  and theHVALDH5F1 gene is linked to the GABA shunt (Fig. 2B). On tbentrary, the unique
418  ALDH11 gene HVALDH11A3) was downregulated as well HSALDH2C2 andHvVALDH3EL. Similar
419 to moss, heat and cold stresses generally decréasezkpression of most barléyDH genes (Fig.
420 2B). The HVALDH3E2 gene was upregulated by heat stress, and three getesl DH2B5,
421  HvALDH3E2 andHVALDH10A9, accumulated during heat recovery (Fig. 2B). Coldsst induced the
42?2 expression of four genes, namebvALDH11A3, HVALDH2B1, HVALDH3E2 and HVALDH3H2.
423  Hormone responses were more pronounced in barkepaed to moss. MeJA induced the expression
424  of many HVALDH2 and HVALDH3 genes, plusHvVALDH7B6 and strongly downregulated the
425  expression oHVALDH5F1, HVALDH18B1/B2 and HYALDH22A1 genes. Cytokinin also upregulated
426  severalHVALDH2 and HVALDH3 genes and downregulatéd DH genes from families 5 and 10.
427  Auxin upregulatedHvALDH12A1, HVALDH18B1 and HVALDH18B2, plus HVYALDH2B5. While the
428  excess or lack of nitrogen did not induce strorgpomses in moss, several genes fromHwal DH2
429  andHvALDH3 families were highly upregulated.

430 Regarding the GABA shunt-associatedDHs in moss, the expression of bodhDH5 genes
431 decreased upon exposure to heat stress and upbmelsesery. Transcript levels dipALDH5F1
432  increased only upon salt stress. TranscriptBpLDH21A1 increased upon drought, salt, and ABA
433  exposure, whilst a mild elevation was observed miuigold stress and a decline during the heat
434  recovery period. Expression BpALDH10AL increased only upon nitrogen deprivation. In barthe
435  sole HYALDH5F1 gene was highly upregulated by drought, salt aBd\A&nd slightly less by heat
436  stress. The twaHvALDH10A6 and HVALDH10A9 were primarily downregulated in response to
437  various treatments.

438
439  Moss ALDH10A1 oxidizes w-aminoaldehydesto produce g-alanine and GABA
440 Focusing on the GABA shunt, we cloned and expressegPpALDH10Al (507 aa)

441  comprising the SKL peroxisomal signal at its C-temns found in the majority of ALDH10 members.
442  The enzyme is dimeric in solution as verified by germeation chromatography (Supplementary Fig.
443  S3)in line with reported observations on the ALMHamily (Tylichovéet al., 2010; Diaz-Sanchex
444  al., 2012; Kopeny et al., 2013). The stability of the enzyme rose by ~C5ifi the presence of the
445  coenzyme.

446 From numerous aldehydes screened as potentialratgéssfor PpALDH10A1 using NADas
447  the coenzymep-aminoaldehydes such as APAL, ABAL, GBAL and TMABAiere identified as
448  preferred substrates (Fig. 3A). The enzyme exhdbitee highest specific activities with APAL,
449  followed by its acetylated form, acAPAL, which ocsunaturally during polyamine oxidation of
450  Spermine (Spm), Spermidine (Sptj;acSpm oMN'-acSpd. Kinetic properties of PpPALDH10AL with
451  its preferred substrates were explored further.(8®yand Table 2). The enzyme showed the highest
452  catalytic efficiency K.aKm) values with GBAL (7.6 x 10s'M™") and APAL (7.2 x 10s'M™),
453  followed by acAPAL and TMABAL. The highest observieg, values reached 6.5'sandK,, values
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454  were in the low micromolar range. The apparentlgtitaefficiency value for NAD was 1600-fold
455  higher than for NADP, when using 0.1 mM APAL, due to the high, value of 32 mM for NADP
456  versus 40 pM for NAD PpALDH10Al exhibited substrate inhibition kinetiowith various
457  aminoaldehydes.

458 We verified the affinity to substrate and produgt rhicroscale thermophoresis (Fig. 3C). As
459  expected, affinity values for the reaction produG&BA and TMABA, as well as for the product
460 analog meldonium, were in the low millimolar ranigecontrast to low micromolar concentration
461 measured for TMABAL (Fig. 3C). Betaine aldehyde (BAvas a poor substrate, due to the presence
462  of anisoleucine residue in the active site, whiak been shown to impair BAL binding and oxidation
463 in both spinach and maize ALDH10 (Diaz-Séanckeal., 2012; Kopény et al., 2013). Substrate
464  specificity of two barley ALDH10 enzymes was prayty analyzed with APAL, ABAL, TMABAL
465 and BAL (Fujiwaraet al., 2008), and thus they were not analyzed in oukwo

466

467  Moss and barley ALDH5 oxidize SSAL to produce succinate

468 PpALDH5F1 (492 aa), PpALDH5F2 (498 aa) and HVALDHS(26 aa) were produced
469  coli as tetramers of ~ 230 kDa, as observed for humaDH5AL (Kim et al., 2009). PpALDH5F1
470 and PpALDH5F2 share 76% sequence identity as veel6@20 and 65% sequence identity with
471  HvALDHFL1, respectively. All three enzymes displayedtrong substrate preference for SSAL (Fig.
472  3D), whereas other aliphatic aldehydesaminoaldehydesy-aminoadipate-semialdehyde (AASAL,
473  major substrate of ALDH7), Glw-semialdehyde (GSAL, major substrate of ALDH12), L-
474  lactaldehyde and GAP (the major substrate of ALDHWere all very poor substrates. Only
475  PpALDH5F2 showed a low activity with several aliibaaldehydes and glutaric semialdehyde
476  (GRSAL) (up to ~ 5% of SSAL activity).

477 The kinetic properties measured with SSAL (Tablsl®)wed that PpALDH5F1 displayed a 5-
478 times higher catalytic efficiency than PpALDH5F2daa similar to HVALDH5F1 K., values for
479  SSAL ranged from ~ 60 to 90M concentration. All three ALDH5 enzymes are mootive with
480 NAD® compared to NADP and a substrate inhibition effect was observedhigh SSAL
481  concentrations{,, values of ~ 100 pM were measured for NARhile K., values for NADP were in
482  the range of 1.5 - 2.0 mM (Fig. 3E). Stability opADH5F1 lowered by ~ 4 °C upon added
483  coenzyme as measured by nano-DSF and the affmiyAD" and the succinate (reaction product) to
484  PpALDH5F1 was found ~ 327 pM and 67 mM, respecyivat found by MST (Fig. 3F).

485

486  Plant ALDH5 is atetramer and the coenzyme adopts two conformational states

487 Since the dimeric structures of several plant ALDHfiembers were published (Tylichoea
488 al., 2010; Diaz-Sancheat al., 2012; Kopeény et al., 2013) as well as the tetrameric structure of
489  ALDH21 (Kope&naet al., 2017), here, we focused on the first structurglant ALDH5, namely
490 PpALDH5F1. The apoform structure (PDB 8OF3), sohvad1.35 A resolution, contains two
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491 monomers in its asymmetric unit, which form the Wno“dimer-of-dimers” tetramer by crystal
492  symmetry (Figure 4A) in line with the gel permeatichromatography (Supplementary Fig. S3). The
493  overall fold of plant ALDH5 (Fig. 4A) resembles thaf other ALDH superfamily members, including
494  E.coli NADP*-dependent SSALDH (PDB 3JZ4, Langendetfal., 2010), mitochondrial human
495 ALDH5A1 (PDB 2W8Q, Kimet al., 2009), plant ALDH2 (PDB 4PXL and 4PZ2), ALDH70O{B

496  4PXN, Kortitikova et al., 2015), ALDH12 (PDB 6D97, Korasio#t al., 2019) and ALDH21 (PDB
497 5MZ8, Kopenaet al., 2017). Two PpALDH5F1 monomers are arranged d@naain-swapped dimer.
498  Each monomer consists of three domains (Fig. 4B8)NAD"-binding fold (residues 1-130, 152—260,
499 and 468-476), a catalytidp fold (residues 261-448), and a C-terminal oligdragion flap (residues
500 131-151 and 477-492). The inter-domain linker ¢ess 449-468) forms a lid on the active site and
501 creates an anchor loop that stabilizes the aldebytstrate. The catalytic Cys293 is located orop lo
502 that spans the crevice between the NAihding and catalytic domains.

503 We also solved two NABPpALDH5F1 structures (PDB 80OF1 and 8OFM, Suppleargn
504 Table S4) isomorphous to the apoform structureicaiohg that the bound coenzyme did not induce
505 large changes. In the PDB 80F1, the NAflopts a contracted conformation in both subunitsle

506 in the PDB 8OFM, the NADhas an extended conformation in both subunits. @@y 4D and 4E).
507  While the extended conformation of NADs more frequent, the contracted conformation @em
508 typical of NADH (Hammeret al., 2002). The adenosine moiety of NAlks in a hydrophobic pocket
509 flanked by two helices (residues 197-206 and 21828d the ribose is bound by multiple H-bonds to
510 the side chains of Lys184 and Glul87 and the mia&ircO atom of Alal58. Twa-phosphate
511  oxygens, O1A and O3, bind to the main-chain NH asowh the side-chain OG atom of Ser238, while
512 the oxygen atom of thg-phosphate group interacts with the NE1 atom ofi&fp(Fig. 4C and 4D). In
513  the contracted conformation, the nicotinamide rébestablishes a bidentate H-bond with a conserved
514  lysine residue (Lys343), whereas in the extendenhfdhe ribose moves and establishes a bidentate
515  H-bond with a conserved Glu residue (Glu390).

516

517  Binding of SSAL requiresa tyrosne and two arginine residues

518 Our attempts to obtain a PpALDH5FL1 structure wlii teaction product succinate bound to the
519 active site, either by co-crystallization or soaki@xperiments, were unsuccessful. The primary issue
520 was related to the crystallization condition corsipig 1.7 M lithium sulfate, in which 100 mM
521 succinate did not outcompete the observed sulfate bccupying the active sites in both NAD
522  structures (Fig. 4). Binding of sulfate ion at higfillimolar concentrations was confirmed by MST
523  (Fig. 3F)

524 Sulfate binds at the position where the carboxytgtmip of SSAL/succinate would be located
525 (Fig. 4G) and interacts with two basic residuesgl&9 and Arg287, as well as with Ser450 and
526  Tyrllh, all located in the upper part of the sudstichannel. The side chain of Arg287 is flexibid a

527  adopts different conformations (Fig. 4F). The otbenserved and nonpolar residues, which maintain
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528 the active site geometry, include Phel62, Alal68&t1d6, Thr292, Val294 and Phe456. The catalytic
529  cysteine Cys293, the general base Glu259 and then@mn hole residue Asnl61 are located in the
530 lower part of the channel. Asn161, which donatds/@rogen bond to the O atom of the aldehyde
531 group of SSAL, is positioned on a loop adjacenthi® catalytic loop. All interacting and surrounding
532  residues are highly conserved within the ALDH5 fignfFig. 4H) but differ markedly from those in
533  the ALDH21 family, even though both families catadythe same reaction.

534 Four key residues for SSAL oxidation have beenistuly site-directed mutagenesis (Table 3
535 and Fig. 41) and the sequence alignment includihg tonsidered mutations is shown in
536  Supplementary Fig. S4. Both Arg169 and Arg287 aseatial for catalysis, as the R169A and R287A
537  variants displayed low catalytic efficiencids.{K, ratios) for SSAL corresponding to 3.9 and 0.6% of
538 the WT values. While the R169A variant is affecied.,; value (25-fold lower compared to WT), the
539 R287A variant is strongly affected ik, value (45-fold higher compared to WT). The caialyt
540 efficiencies of Y115A and S450A variants were restlito ~ 1.8 and 8.0% of the WT. Thus, the Y115
541 residue is also essential for binding, asKhevalue of the Y115A mutant is 19-fold higher congzhr
542  to WT. The removal of either Arg residue reducesglgpecificity towards negatively charged aldehyde
543  and increased the relative oxidation of aliphatitehydes such as pentanal or hexanal, but was not
544  sufficient to increase the oxidation of aminoalddds; major substrates of the ALDH10 family (Fig.
545  4]).

546

547  Slower growth of aldh knockouts

548 P. patens is highly tolerant to abiotic stresses, includisgit stress up to 350 mM NacCl
549  concentration and osmotic stress induced by sdnlgitdo 500 mM concentration (Fraekal., 2005).
550 We analyzed the function of three genes vivo, namely PpALDH5F2, PpALDH10A1 and
551 PpALDHZ21A1, all involved in the GABA shunt pathway, by geriegr@ knockout lines by
552  homologous recombination (Supplementary Fig. SStably, we were unable to generaleh5F1

553  knockout lines. Three independent lines for eaatckaut were grown in liquid Knop medium for 1
554  month and then transferred to 6-well plates coirigimodified Knop medium with agar only or in the
555  presence of mannitol (up to 1000 mOsm/kg) and sodibloride (up to 300 mM). Colony diameter
556  was measured in time (Fig. 5B and 5C) as well amtimber of early gametophores (Fig. 5A). Under
557  normal conditions, as well as under both osmotit sait stress, the growth alfdh5F2 knockout lines
558  was slower than that of the wild type (WT), withlay size reduced to approximately 75% of WT.
559  Both aldh10A1 and aldh21A1 knockouts were less affected, although they aldubéed slower
560 growth. The number of early gametophores was $jighigher in all three knockouts, suggesting
561 active development; however, the differences betwieeependent lines for each knockout were
562  substantial, resulting in high variability.

563

564  Transcriptome analyses revealed upregulated glutathione-S-transferase genesin aldh knockouts
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565 We performed whole-transcriptome analysis of atbéaldh knockouts and WT. Principal
566  component analysis (PCA) was used for quality adrtssessment of the RNA-seq data (Fig. 5D) and
567 three biological replicates per genotype were wtety selected for determining differentially
568  expressed genes (DEGs). Gene transcripts gvithlue f.q) < 0.05 versus WT and ledold change
569  greater than one were considered significantly gydeged, while those with lggold change lower
570 than -1 were considered significantly downregulg®dpplementary Fig. S6) and they are all listed in
571 the Supplementary Dataset S2. In thelh5 knockout, we identified 70 DEGs (23/47 genes
572 up/downregulated), in thaldh21 knockout, we found 72 DEGs (52/20 genes up/dowriatgd), and
573  finally, in the aldh10 knockout, we found 213 DE®6/153 genes up/downregulated) (Fig. 5E). Their
574  transcription levels in three biological replicatger genotype are shown as heat maps in
575  Supplementary Fig. S7, S8 and S9.

576 Interestingly, transcription of 6 genes was strgrigiuced in all three knockouts, nhamely two
577  glutathione-Stranferase (GST) genes (Pp6cl5 12200 and Pp6c23 10140), gene of
578  methylthioadenosine (MTA) nucleosidase (MTN) (Pp6c26_3100)¢cytoskeleton-associated protein 5
579 (CKAP5) gene (Pp6c7_1120DDE superfamily endonuclease gene (Pp6cl5_4090) ardisease
580 resistance protein/protein kinase gene (Pp6c20_10940). MTN hydrolyzes MTA, a by-produdt o
581 SAM-dependent methylation reactions, such as pdlyarhiosynthesis, to methylthioribose, which
582  continues into the Met recycling pathway. The ardynmon downregulated gene codes for ubiquitin-
583  conjugating enzyme E2Q (Pp6c23_10470), which gpdies in cell cycle regulation (Kraét al.,
584  2005).

585 Additional GST genes were upregulated in maddh mutants: transcripts of Pp6cl_ 17240,
586 Pp6c4_6710 and Pp6cll_8010 were increased by +0l138-fold, transcripts of Pp6c12_990 were
587  1.4-fold higher, and the expression of Pp6c7_7568 mearly two-fold higher than in WT. Above-
588 encoded GSTs catalyze the conjugation of glutahimnvarious electrophiles and can contribute to
589 cell protection. Consequently, we measured oxidgietathione (GSSG) levels, which were reduced
590 to 67 + 15,62 £+ 13 and 50 + 11%afdh5, aldh10 andaldh21 knockout, respectively, compared to
591 the WT.

592 Among other genes that had nearly 2-fold expressiorall three aldh knockouts were
593 Pp6c2_7060 and Pp6cl 8690. The first gene codes“ftessication-induced Vicinal Oxygen Chelate
594 1 (VOCl)/glyoxalase-like protein”, but it is not fanctional glyoxalase I/ll, known to detoxify
595  methylglyoxal to lactate using glutathione as asubstrate and the significance of glyoxalase-like
596  proteins is unclear (Schmita al., 2017). The latter gene encodes the RNA helidaB20
597 (Gemin3), known to be involved in transcription,sptranscriptional modifications, and mRNA
598  splicing. Bothaldh21 and aldh10 knockouts have upregulatddatB gene (Pp6c22 6900) encoding
599 the N-terminal acetyltransferase linked to salt asthotic stress responses (Hubieal., 2020). The
600 other upregulated gene (Pp6c6_3070)alah21 and aldhl0 knockouts encodes dioxygenase,

601 annotated as “gibberellin A44 oxidase”. Howevencei moss produces only #-Bydroxy-kaurenoic

17


https://doi.org/10.64898/2026.01.13.699213
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.01.13.699213; this version posted January 14, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

602 acid derivative (Miyazakiet al., 2018) and not active gibberellins, its role fre tmetabolism of
603  kaurenoic acid remains unclear.

604 All three knockouts also show reduced expressidiatdf acid biosynthesis genes, includidyg
605 oxoacyl acyl-carrier-protein synthase (Pp6cl2_ 3310),0mega-3 desaturase (Pp6c26 6300) and
606 omega-6 desaturase (Pp6cl16_3180) genes. Battdh5 andaldhl0 have downregulateseveral genes
607 coding for DNA-binding proteins or transcriptionctars, such aslehydration-responsive eement-
608  binding protein 3 (Pp6c3_16580)C2H2-type protein (Pp6cll 1300) otranscription factor CRF3
609 (Pp6cll_12740).

610 Finally, the gene (Pp6c21_2900) that is downregdlah aldh5 andaldh2l (to ~45% of WT)
611 and inaldhl0 (to 62%), encodes cytochronbg a core component of the cytochroiv@ complex
612  involved in electron transport between PSII and. Bi#iect analysis of the redox state of PSI in all
613  three knockouts revealed very similar profiles aatum yield of PSI photochemistry Y(I), Y(ND)
614 and Y(NA) (Supplementary Fig. S10), indicating tttad reduced transcription oft bs does not limit
615 the function of PSI. However, non-photochemical rqpieng (NPQ), a photoprotective mechanism
616 that helps to prevent photodamage of PSII, was istemily altered in all three knockout lines
617 compared to the WT. Finally, the fFy ratio, a measure of PSII photosynthetic efficienegs 0.86 +
618  0.01 for WT and those for all thredh knockouts were ~ 0.84 (Supplementary Fig. S1@jcating
619 that there was no significant disruption of PSlbfathemistry.

620

621  Metabolite changesin three aldh knockouts and expression of associated genes

622 The aldh5F2 or aldh21A1 knockouts accumulated approximately twice the amhafi GABA
623  compared to WT plants (Fig. 6A and Supplementalyld&9). Succinate levels were affected only in
624  the aldh21Al knockout, where they were reduced by ~ 20%, inoigathat the lack of cytosolic
625  SSALDH is harder to compensate for. Because GABAyisthesized from Glu by GAD, also Glu
626  levels were approximately twice as high in both dkts.

627 Glu, GABA and succinate levels remained unchangethé aldh10Al line (Fig. 6A). The
628 GABA-T1 gene was upregulated, which indicates faster csiorerof GABA to SSAL, and both
629  glyoxylate/SSAL reductase (GLYR) genes became dysregulategt YR1 was downregulated and
630 GLYR2 was upregulated. Nevertheless, we observed a adjdstment among polyamine-linked
631 metabolites. Although no major changes in the esgiom of genes encoding Spd/Spm synthases
632  (SpdS/SpmS), PAO and DAO were detected (Fig. G@El$ of Arg and Put were slightly decreased,
633  and those of Spd and Spm were slightly elevated.

634 Interestingly, while thealdh21A1 knockout accumulated only more Glu but not glutaami
635 (GIn), thealdhl0ALl line did the opposite. In contrast, thlEdh5F2 mutant accumulated both amino
636 acids Glu and GiIn. Although the expressionG8 genes was not alteredldh21Al and aldh10Al
637 mutants showed differential expression of t&@@GAT genes (Pp6c8_9300 and Pp6cl16_2470) (Fig.
638  6B). Both aldh5F2 and aldh10A1 knockouts contained ~ 40 - 50% more Pro, despty gimilar
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639  expression of Pro biosynthetic genes. Finally, ékpression of otheALDHSs indirectly associated
640  with the GABA shunt or Glu metabolism (e.gl,DH2A1, ALDH6B1, ALDH12A1, andALDH18B1)
641 remained unchanged across all tested knockout lines

642

643 DISCUSSION

644  Most of moss ALDH genes are less responsive to abiotic stresses compared to barley
645 The expression pattern of compled&eDH gene families in moss and barley under various
646  abiotic stresses (Fig. 2) in this work is only Ertpwell correlated with RNA-seq data available For

647  patens at MAdLandExpression databagetfs://peatmoss.plantcode.cup.uni-freiburg.@a/d forH.

648  wvulgareat BarleyExpDB [(ttp://barleyexp.con)/ where similar conditions can found for droudHisé
649 et al., 2014; Perrouct al., 2018; Cantalapiedret al., 2017; Harbet al., 2020), salt, low or high
650 temperatures (Beiket al., 2015; Perroudt al., 2018; Cantalapiedet al., 2017; Schubest al., 2019;
651 Pacaket al., 2016). However, the expression of maklyDH genes is conflicting between different

652  published datasets or is even missing. Moreovetilable RNA-seq data do not show any significant
653  responses to gibberellin or strigolactone treatsyecept for thePpALDH21A gene, which is
654  upregulated ~ 2-fold by GA9 methyl ester (Hesal., 2014), whereas it is downregulated 4-fold by
655  strigolactone analog G24 (Perroddal., 2018). Thus, these two hormones were not incudeour
656  experiment.

657 A direct correlation between the number of stresponsive elements in promoters
658  (Supplementary Fig. S2) and expression changes @igvas not found. High correlation was
659  observed between the number of stress-responséreeats and positive responses in only a few
660 genes, such aBpALDH3H1, PpALDH11A2, PpALDH21A1, HVALDH3E2 and HVALDH5F1. On the
661  contrary, some genes with a high number of regolagte ments were weakly responsive to stress.
662 When comparing responses in moss and barley, arrddference was observed within the
663  ALDH7 family. Whereas the barledt DH7B6 is strongly induced by drought, salinity, MeJA, AB
664  and cytokinin, the mosALDH7B4 gene is unresponsive or even slightly downregdlaiée ALDH7,
665 also known asA'-piperideine-6-carboxylate (P6C) dehydrogenasealysts the conversion of
666 AASAL to a-aminoadipate in the lysine degradation (sacchagppathway, with P6C representing
667  the cyclic Schiff base of AASAL. In seed plantd,DH7 expression is well known to be induced by
668  dehydration, high salinity, or ABA treatment (G et al., 1990; Stroeheet al., 1995) and its
669  overexpression or mutation can confer toleranceemsitivity to abiotic stresses (Rodrigugsal.,
670  2006; Kotchoniet al., 2006; Cheret al., 2015; Shinet al., 2009). Sincex-aminoadipate is further
671 degraded to acetyl-CoA, which enters the TCA cyrldés used for lipid synthesi®hyscomitrium
672  patens may not substantially benefit from lysine degramaturing abiotic stress as higher plants do.
673 A similar difference between moss and barley appé@arthe ALDH2 family. All five barley
674  ALDH2B and ALDH2C genes are strongly responsive to drought, saliMgJA, ABA, cytokinin, or
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675 lack of nitrogen, whereas both mo&sDH2B genes remain unresponsive under the same corslition
676  The ALDH2 genes from the ALDH2B subfamily were originallyerdtified among genes that restored
677 male fertility in maize (Liuet al., 2001, 2002). These enzymes produce acetatecftylaCoA
678  biosynthesis. Thus, it seems that ag&nyscomitrium patens does not produce acetyl-CoA in this
679  ALDH-dependent pathway during abiotic stress. TheDAH2C subfamily, present in barley,
680 comprises cytosolic members that oxidize longauhaliic aldehydes, including2-hexenal and-2-
681 nonenal, from the lipoxygenase pathway, as welbhrasnatic aldehydes from the phenylpropanoid
682  pathway (Kouditikova et al., 2015). They modulate the levels of soluble aedl @all-linked
683  ferulate/sinapate esters, affecting lignin biosgsth (Nairet al., 2004; Mittaschet al., 2013;
684  Yamamotoet al., 2024). Because true lignin has not been detdntédyophyta and appears only in
685  vascular plantsALDH2C genes are thus not needed and are absent.

686 Proline (Pro) was reported to accumulate earlyhatdnset of salt stress in barley or wheat,
687  while glycine betaine later on (Nakamuetzal., 1996; Carilloet al., 2008). The upregulation of both
688 HVALDH18 genes, leading to Pro synthesis, is thus in ggoelement with previous publications (Fig.
689  2). In contrastPpALDH18B1 was not stress-responsive in our experiments, agtt&hyscomitrium
690 accumulates Pro and soluble sugars in respongeuglit and salinity (Erxlebest al., 2012).

691 The higher number oALDH11 genes is typical of lower plants such as mossdgcophytes,
692  while seed plants carry only a single copy. Théhigriation in expression among the fAuDH11
693  genes (Fig. 2) shows thBhyscomitrium tries to cope with various stresses by fine-turghgolysis,
694  the Calvin-Benson cycle and the pentose phosplaitevpy. Non-phosphorylating GAPDH reaction
695 catalyzed by ALDH11 (EC 1.2.1.9) produces NADPHdam ATP) and bypasses two glycolytic
696 reactions of NAD-dependent GAPDH (EC 1.2.1.12) and phosphoglycekatase (EC 2.7.2.3),
697  generating NADH and ATP. Moreover, neitlighyscomitrium nor barley synthesizes reduced sugars,
698  such as mannitol, as primary photosynthetic pradushere ALDH11 is known to participate (Gao
699 and Loescher, 2000). Barlé&y.DH11 is downregulated in response to various stre$dgsZ), except
700  during nitrogen starvation and cold stress. Dowalagpn mimics the Arabidopsiadhll knockout
701  (Rius et al., 2006), which is compensated by induced NARpendent GAPDH and glucose-6P
702  dehydrogenase to increase NADH and NADPH productiespectively. Secondlyldhll knockout
703 in Arabidopsis displayed reduced €@ssimilation, and the gene coding for a cytosotialate
704  dehydrogenase, which regulates a redox balancestwasyly upregulated.

705 Among GABA shunt-associated\LDHSs, transcription of PDALDH21A1 increased upon
706  drought, salt and ABA exposure. Previous studiefopmed in moss revealed tHBpALDH21A1 was
707  upregulated upon osmotic and salt stresses antfle/€ro or sucrose were found elevated (Cuming
708 et al., 2007; Wanget al., 2008). On the contrary, transcription of b&®bALDHS5 is not drought-
709  responsivePpALDH5F1 transcripts increased only upon salt stress. Hepalacking theALDH21
710 gene, the stress-responsiveness was shifted towkedsnly HYALDH5F1 gene, which is highly
711 upregulated by drought, salt and ABA. It has bexported that GABA accumulates upon high nitrate
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712 in closely related wheat (Woodroet al., 2017). However, in our work, neither of the two
713  HvALDH10 genes responded to the excess of nitrogeu, thus, the GABA accumulation likely
714  appears due to higher GAD activity.

715
716  w-Aminoaldehydes are oxidized by the ALDH10 whereas ALDHS5 family prefers SSAL
717 In terms of substrate and coenzyme preferences|. BHAOAL resembles both the pea, maize

718 and tomato ALDH10 family members (Tylichova et &010; Kopény et al.,, 2013), which are
719  aminoaldehyde dehydrogenases (AMADHS). The actiieecs PpPALDH10A1 contains Trp292 and
720 1le448, residues associated with the strong bindihgAPAL and ABAL, and consequently with
721  AMADH activity. The poor BAL dehydrogenase (BADHgtavity of PpALDH10AL correlates well
722 with the fact thaP. patens does not accumulate glycine betaine (Erxledieah., 2012).

723 Two barley AMADHs (HVALDH10A6 and HvVALDH10A9), présusly shown to oxidize
724  APAL, ABAL, TMABAL, and BAL (Fujiwara et al., 2008), are very similar to maize AMADHSs
725  (Kopesiny et al., 2013). HvALDH10A6 (Uniprot Q94IC0) is a peroxisal enzyme, whereas
726 HVALDH10A9 (Uniprot Q94IC1) resides in the cytosMakamuraet al., 2001). Their substrate
727  channel comprises the aromatic residue Phe291/Brp&RBich increases the preference for APAL or
728  ABAL, as shown for maize isoforms. HYALDH10A6 coints lle447 is thus AMADH (Fujiwarat
729  al., 2008; Kopény et al., 2013). In contrast, HYALDH10A9, which possessesgysteine at the
730  equivalent position, displays a BADH activity, whits in agreement with the fact that glycine betain
731  accumulates upon prolonged salinity stress in patel wheat (Nakamure al., 1996; Carilloet al.,
732 2008).

733 Negatively charged and four carbon-containing SSWIs identified as the major substrate for
734  both moss and barley ALDH5 members wiih values of ~ 70 - 90M (Table 3). Oxidation of other
735 aldehydes was minimal. The barley enzyme has beefiybstudied in the past and k&, value of
736  15uM for SSAL was reported (Yamausghal., 1988). Its binding involves two residues, Arglédd
737  Arg287, together with Ser450 and Tyrll5 (PpALDHS5/Imbering). In human ALDH5A1 (Kim
738 etal., 2009), the SSAL was trapped in the active @itesalt bridges with the equivalent Arg213 and
739  Arg334, andvia H-bond to Ser498. Although the active site of PP#21A1 (Kop&néet al., 2017)
740  differs from that of ALDH5 (Fig. 4H), again, two dresidues, Arg121 and Arg457, with Tyr296 bind
741  the carboxylate group of SSAL. Positively chargeehminoaldehydes are thus repelled by the
742  presence of two positively charged Arg side chainthe substrate channel of ALDH5/ALDH21, as
743  evidenced by site-directed mutagenesis in this wWddble 3 and Fig. 4I). Several SSALDHs were
744  previously studied from other species, includingnan, wheat, potato and Arabidopsis ALDH5 (Cash
745 et al.,, 1978; Kanget al., 2005, Galleschit al., 1978; Satyanarayan and Nair, 1989; Busch and
746 Fromm, 1999) withK,, values between 7 and i for SSAL and an inhibition effect of SSAL upon
747  higher concentrations. PpALDH21 displayedKa value of 181 + uM for SSAL with NADP
748  (Kopeindetal., 2017).
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749
750 GABA and Glu accumulated in moss aldh5F2 or aldh21A1 knockouts
751 The GABA shunt and the TCA cycle can compensateeterh other, as shown in GABA

752  permease mutants (Michaetial., 2011). Here, the absence of two SSALDHs creatbdttleneck in
753  the aldh5F2 or aldh21A1 knockouts, resulting in the accumulation of GABAdaits precursor Glu,
754  with little or no impact on succinate (Fig. 6A).ekzhted Glu can be interconverted to 2-ketoglutarate
755 by GDH or transaminases to enter the TCA cycleah also be recycled in the GIn synthase/GIn-
756  oxoglutarate aminotransferase (GS/GOGAT) cycleew rocess in nitrogen assimilation, or used in
757  other pathways such as Pro synthesis. alde5F2 knockout contained twice the amount of GIn and
758  50% more of 2-ketoglutarate. Notably, one of @2H genes (Pp6c4_4300) was upregulated in this
759  knockout. However, similar levels of succinate sgjghat the remaining SSALDHs can compensate
760  for the effect of a singlaldh5 or aldh21 knockout. Accumulation of GABA is in line with prieus

761  studies on Arabidopsiadh5 knockout, where blocked SSAL oxidation resultedhiea accumulation
762  of GABA, as well as GHB, while succinate levels &vegported to decrease (Fetial., 2005; Bouché
763 et al., 2003; Toyokuraet al., 2011). A double mutant lacking bo&LDH5 (SSADH) and GABA-T

764  (POP2) accumulated even higher levels of GABA while Gi¢Bels were reduced (Ludewi al .,

765  2008). Unfortunately, due to the limitations of teed method, GHB levels were not quantified in our

766  moss samples; thus, the contribution of GLYR enzyowuldnot be evaluated.

767
768  ALDH10A1 contributed only negligibly to the GABA shunt in moss
769 The mossaldhl0A1 knockout accumulated more polyamines Spd and Spam tWT,

770  confirming that while polyamine degradation (oxida) is slowed, GABA levels were fully
771  compensated by Glu decarboxylatisia GAD (Fig. 6A). This finding indicates a minor fluaf
772 GABA from polyamines mediated by ALDH10A1 Physcomitrium patens grown in media with 300
773 mM NaCl. Unchanged levels of more distant metabs]ithamely 2-oxoglutarate and succinate,
774  indicated an unaffected TCA cycle. In contrast,bAdapsis single knockoutdh10A8 andaldh10A9
775  (Missihounet al., 2011) as well as thaldh10A8/aldh10A9 double mutant (Jacques al., 2020),
776  contained decreased GABA levels compared with Wdeursalt stress at 150 mM NaCl. Thus, both
777  ALDHI10 genes contribute to the GABA-shunt pathway. In (@amellia snensis) plants,amadhl
778  (aldh10) and cuaol (daol) antisense mutants contained 2-fold lower GABAelsvthan WT under
779  drought stress (Caa al., 2024). Thus, ALDH10 appears to contribute lititenot at all to the GABA
780  shunt in moss under salt stress (and others), ntrast to higher plants. This is consistent wit th
781  unchanged expression mialdh10Al under various stress conditions.

782

783  Upregulated glutathione-S-transferase genes compensate for the missng ALDHs in moss

784 Our moss aldh mutants displayed slower growth than WT. ConststenALDH7B2

785  overexpression improved, whilaldh7B4/aldh3I1 knockouts impaired photosynthetic performance
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786  under salt stress (Gautam et al., 2020; Missihdwal. £2018). In our mosaldh knockouts, although
787  the gene that encodes cytochrobpavas downregulated, the function of PSI was naradt and the
788  photosynthetic efficiency of PSIl was only negligitaffected. However, theldh5, aldhl0 and
789  aldh2l mutants had a visibly reduced ability to induce NR@ich is associated with a higher
790  sensitivity to photo-oxidative damage under higinticonditions. Indeed, light-induced cell deatld an
791  accumulation of reactive oxygen species were regar Arabidopsigldh5 knockout (Bouchét al.,

792 2003).

793 ALDHs detoxify lipid peroxidation products such asalondialdehyde, crotonaldehyde,
794  methylglyoxal, 4-hydroxy-2-hexenal (4-HHE), and ydhoxy-2-nonenal (4-HNE), as their increased
795  concentration can damage proteins and DNA and teackll death, and levels of the above are
796  decreased iIALDH overexpressors (Sunkat al., 2003; Kotchoniet al., 2006). Reactive carbonyl
797 compounds are also detoxified by GSTs that catalyzeconjugation of reduced glutathione (GSH) to
798 various electrophiles, including 4-HHE or 4-HNE wWdichael-type reaction. Consequently, the
799  conjugate is exported from the cell, and thusttta glutathione content (GSH + GSSG) can change
800  significantly. The above aldehydes were reportethttuce the expression of several GST genes in
801  Arabidopsis (Almérast al., 2003) as well as in pumpkin, leading to up tb0afold increase in GST
802  activity (Fujita and Hossain, 2003).

803 Transcriptomic analysis of all thre#dh knockout lines prepared in this work, namalgh5,

804  aldhl0 and aldh21 mutants, revealed several upregula@®l genes (Fig. 6C). IfPhyscomitrium,

805 there are at least 37 genes oB&T superfamily sorted into ten classes (Hual., 2013). The tree
806  upregulated genes Pp6cl5 12200, Pp6c23 10140 &od Pfb60 in all threaldh knockouts belong
807 to “phi” class encoding PpGSTF1, PpGSTF6 and PpGSTFhe other upregulated genes,
808 Pp6cl_17240 and Pp6c4_6710, belong to the “zetd™Bine2p* classes, respectively, and encode
809 PpGSTZ1 and PpUre2pl enzymes. Phi- and zeta-GSiiaicc serine residue in their active site
810 known to promote GSH-conjugation and/or peroxidduotion reactions and overexpression of
811 several GSTs was shown to confer tolerance to ditoagd salt stresses (Sylvestre-Gombral.,

812  2019).

813 The induction of multipleGST genes in all thre@ldh moss knockouts suggests higher GST
814  activity and it may represent a compensatory ptiecmechanism to detoxify elevated reactive
815 aldehydes when lacking functional ALDH. Increasedjuagation is supported by the decreased GSSG
816 levels in mossaldh knockouts because the Michael-type addition catmlyly GSTs is linked to
817  conjugation of GSH with aldehydes but not GSH ot@tato GSSG. Unfortunately, our method did
818  not allow for the quantification of total glutatime; however, we suggest that the consumed GSH wiill
819 be compensated for by the reduction of GSSG to GBéteby maintaining the glutathione redox
820 state. Indeed, the total glutathione pool was fotmdbe decreased in the doulaelh7B4/aldh3l1

821  knockout in Arabidopsis (Missihouet al., 2018), but no transcriptomic data were analymethat

822  study.
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823 We can conclude that comparative analysis of aldelyehydrogenase families in moss and
824  barley revealed divergent responses to abiotisstaad hormones. Moss mutants allowed us to find
825 that cytosolic SSALDH (ALDH21A1), unique to mossesntributes to GABA-shunt in a fashion
826  similar to a mitochondrial SSALDH (ALDH5F2). On tlentrary, ALDH10, known to contribute
827  significantly to the GABA shunt in higher plants dem salt stress, appears to contribute only
828  negligibly to the GABA shunt in moss. Final trariptomic analysis points to upregulation of multiple
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Table 1. Gene nomenclature of Physcomitrium patens and Hordeum wulgare ALDH

superfamilies. The genome oPhyscomitrium patens v6.1 Gransden 2004 (Bt al., 2024) and the

genome of barley cv. MorexV3 (Maschetral., 2021) were used for th8LDH sequence searches.

Barley gene nomenclature follows the published edbsmonocot rice (Brockeet al., 2013).

"Corrected sequence based on sequence alignmensisiom the same family from other plants.

" Presence of stop codon in exon 9.

Moss Barley
. ALDH ALDH
Family nomendlature Phytozome I D nomenclature Phytozome ID
2 PpALDH2B1 Pp6c5_10180V6 HvALDH2B1 HORVU.MOREX.r3.7HG0671360
PpALDH2B2 Pp6c4_16740V6 HVALDH2B5 HORVU.MOREX.r3.6HG0612050
HvVALDH2B6 HORVU.MOREX.r3.6HG0611990
HVALDH2B7 HORVU.MOREX.r3.6HG0611990
HVALDH2C1 HORVU.MOREX.r3.3HG0308840
HVALDH2C2 HORVU.MOREX.13.1HG0069410.
HVALDH2C3 HORVU.MOREX.r3.7HG0714980
3 PpALDH3H1 Pp6c22_7980Vv6.2 HvVALDH3EL HORVU.MOREX.r3.6HG0599280.1
PpALDH3K1 Pp6c17_1850V6 HVALDH3E3 HORVU.MOREX.r3.6HG0599310
PpALDH3K3 ~ PBCIS_1350V6 W ) bH3Er  HORVU.MOREX.r3.2HG0185000.1
Pseudogene
PpALDH3K2 Pp6c9_1290V6 HvVALDH3H1 HORVU.MOREX.r3.5HG0455570
PpALDH3H2 Pp6019_6490V6* HVALDH3H2 HORVU.MOREX.r3.4HG0347330
5 PpALDH5F2 Pp6c6_14560V6.2 HvALDHS5F1 HORVU.MOREX.r3.6HG0570900.2
PpALDH5F1 Pp6c26_6240V2
PpALDH6B1 Pp6c21_2530V6.1 HvALDH6B1 HORVU.MOREX.r3.2HG0198720.1
7 PpALDH7B4 Pp6c2_4640V6.2  HVALDH7B6 HORVU.MOREX.r3.5HG0480430.1
10 PpALDH10Al Pp6c5_11700v6.1 HVALDH10A9 HORVU.MOREX.r3.6HG0626440.1
HVALDH10A6 HORVU.MOREX.r3.2HG0173750
11 PpALDH11A1 Pp6024_3410V6fl HVALDH11A3 HORVU.MOREX.r3.2HG0130620.1
PpALDH11A2 Pp6c24_5150V6
PpALDH11A4 Pp6c20_8570V6
PpALDH11A3 Pp6c23_3270V6
PPALDH11A5 Pp6cl17_180V6.
Pseudogene
12 PpALDH12A1 Pp6c5_2780V6.2 HVALDH12A1 HORVU.MOREX.r3.1HG0081000.1
18 PpALDH18B1 Pp6c2_16750V6.2 HvALDH18B1 HORVU.MOREX.r3.1HG0073870.1
HvALDH18B2 HORVU.MOREX.r3.3HG0302060
21 PpALDH21A1 Pp6cl_22060V6.2 - -
22 - - HVALDH22A1 HORVU.MOREX.r3.2HG0110060.1
23 PpALDH23A1  Pp6c24 1400V6.1 - -
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Table 2. Kinetic parameters for major substrates of APpPALDH10A1. Saturation curves were
measured in 150 mM Tris-HCI buffer, pH 8.5, and MMAD" at 30 °C. Saturation curves for
NAD(P)" were measured with 0.1 mM APAL, giving the highestes. The lowek., values for
coenzyme (indicated by asterisks), compared toettios APAL, result from a fixed sub-saturating
APAL concentration used for the NABaturation curve measurement. Kinetic constantsydimg

their S.E. values, were determined using GraphPiadthF8.0 software.

Substrate (i & ') i
GBAL 1.8+05 1.4+0.1 8.3+0.3x10 923 +98
APAL 9+2 6.5+0.3 75+0.4x 10 940 + 144
AcAPAL 20 +3 5.8+0.5 2.9+0.3x10 849 + 102
TMABAL 21+3 5.5+0.3 2.7+0.2xfo 264 + 33
ABAL 39 +10 1.5+0.2 4.0+0.4x 0 3660 + 880
NAD" (apar) 40 +3 5.6 +0.1* 1.4+03x 10 -
NADP' apay 32300 £1640 2.9 +0.1* 9.0+ 0.2 xt0 -
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Table 3. Kinetic parameters for the major substrate SSAL and the NAD" coenzyme of plant
ALDHS5 variants. Saturation curves for SSAL were measured in 150 RBPES buffer, pH 8.0,
using 1.5 mM NAD at 30 °C; those for NADwere measured using SSAL concentration providing
the highest rates, i.e., 20®1 for PPALDH5F2 and 4@uM for PpALDH5F1/HVALDHS5F1. The lower
kear Values for NAD (indicated by asterisks) compared to those for IS&Sult from using a fixed
sub-saturating SSAL concentration due to substiaiébition effect at saturating concentration.
Kinetic constants, including their S.E. values, avdetermined using GraphPad Prism 8.0 software.

n.d. stands for not determined

SSAL (naph NAD* (ssar) NADP* (ssal)
Enzyme Km Keat Keat/Km Km Keat Km Keat
(uM) sh (s'™M™) (uM) sh (nM) (s
HVALDHS5F1 88 +16 344+51 3.9+0.8x%0 874 76+0.2* 1814+113 19+0.3*
PpALDH5F2 56 +5 22+01 3.9+0.1 x40 9+7 13%0.1* 1789+216 0.1 £0.01*
PpALDHS5F1 77 £15 147+24 1.9+0.1x10 122+8 29+0.1* 1498+182 05+0.1*
PpALDH5F1 - Y115A 1440 +110 49+0.2 34+0.2x%0 n.d. n.d. n.d. n.d.
PpALDH5F1 - R169A 756 06+0.1 7.9+0.2x10 n.d. n.d. n.d. n.d.
PpALDH5F1 - R287A 3472 + 248 42+0.2 1.2+0.1 x*%10 n.d. n.d. n.d. n.d.
PpALDH5F1 - S450A 523 +29 8.3+0.2 1.6+0.1 x40 n.d. n.d. n.d. n.d.
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FIGURES

Fig. 1. Reaction scheme of the TCA cycle and its connection to the GABA shunt and polyamine
pathway via ALDH10 and ALDHS5 reactions. GABA, which is synthesized from Glu or 4-
aminobutyrate (ABAL), is transaminateth GABA-T to succinic semialdehyde (SSAL) and further
oxidized to succinate by plant ALDH5 and ALDH21 ngiNAD" and NADP as coenzymes,
respectively. NAD-dependent ALDH10 interconnects GABA shunt (greear)d polyamine
metabolism (orange) as it oxidizes 3-aminopropgdA®lAL), 3-acetamidopropanal (acAPAL) and
ABAL from di-/poly-amine degradation to amino acklsch agi-Ala, ac$-Ala and GABA.

Fig. 2. Gene expresson screening in moss and barley seedlings upon hormone or stress
treatments. (A) Expression profiles of mosSLDH superfamily.(B) Expression profiles of barley
ALDH superfamily. Moss was grown in Knop's medium, édaivas grown in Hoagland's solution and
expression was determined by gPCR using dual-ldbefeM-TAM probes. Fold change in relative
expression vs control in six technical replicatess statistically analyzed with a t-test; *, **, attd

correspond to p-values of 0.05 > p > 0.01, 0.01>0p001, and p < 0.001, respectively.

Fig. 3. Kinetic properties of APPALDH10A1 and PpALDHS5 family. (A) Substrate screening for
major substrates AfPpALDH10AL. Measured withllmM substrate in 150 mM Tris-HCI buffer (pH
8.5) containing 1 mM NADat 30 °C. Error bars stand for S.D. (n=48) Saturation curves for five
aminoaldehydes. Measured in 150 mM Tris-HCI buffet 8.5) containing 1 mM NADat 30 °C(C)
Affinity measurements ofAPpALDH10A1 for TMABAL, NAD ", reaction products TMABA and
GABA and the product analog meldonium by MST on anblith NT.115 instrument (NanoTemper
Technologies) at 25 °C. The binding was assessb@l mM Tris-HCI at pH 9, 100 mM NacCl, and 1%
GOL, supplemented with 0.05% Twedh, values are indicatedD) Screening of substrate specificity
of moss and barley ALDH5. Measured with 200 pM higk in 150 mM HEPES buffer (pH 8.0) and
1.5 mM NAD' at 30 °C. Error bars stand for S.D. (n=@) Saturation curves for SSAL, NAD
NADP* and pentanal with PpALDH5F1. Data were measuregkbhhmM HEPES buffer pH 8.0, using
1.5 mM NAD" (for SSAL) or 40uM SSAL (for coenzymes)(F) Affinity measurements of
PpALDH5F1for NAD", succinate and sulfate ions by MST on a Monolitm3rument (NanoTemper
Technologies) at 25 °C. The binding was assessésDimM Tris-HCI at pH 8.0, 100 mM Nacl,
supplemented with 0.05% Twedfy; values are indicated.

Fig. 4. Structure of PpALDH5F1 and residues linked to SSAL binding. (A) The tetrameric
structure of PpALDH5F1 is composed of four monomamanged as two domain-swapped dimers.
(B) Each subunit contains catalytic (red), coenzynmelibg (aquamarine), and oligomerization (dark
blue) domains. The NADcoenzyme is in yellow(C) NAD" molecule bound in the contracted
conformation. Interacting residues are labeled tedcoenzyme is in yellow(D) NAD" molecule

bound in the contracted conformation and the camezig colored in violet(E) Superposition of the
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coenzyme in extended (in violet) and contracted y@hiow) conformations, next to the catalytic
cysteine.(F) Active-site residues forming the substrate chammd?pALDH5F1. The bound sulfate
mimicking the substrate is shown in its annealilngHE omit map (black mesh) contoured at 8.0
(G) Superposition of the substrate channels of PpALBH@ight brown, this work) and PpALDH21
(cyan, PDB 5MZ8, Kopgna et al., 2017). The succinate in purple line represemtabiound to the
active site of PpALDH21 is shown for comparisghl) Conservation of amino acids forming the
substrate channel in ALDH5 and ALDH21 families. Ree numbering follows that of PpALDH5F1
and PpALDH21. Residues binding the carboxylateugrof SSAL are highlighted in red rectangles.
Sequence logos were made using WeblLogo_ 3 (httfldge.threeplusone.cogm(l) Substrate
specificity of PPALDH5F1 variants. Measured with020M aldehydes in 150 mM HEPES buffer (pH
8.0) at 30 °C. Error bars stand for S.D. (n=4).

Fig. 5. Growth differences and RNA-s2q in moss aldh knockouts. (A) Growth after point
inoculation on modified Knop medium and 1% planaragCultivated for one month under normal,
osmotic stress and salt stress conditions at 19Gt@ph values indicate mean £ S.D. (n=1(8)
Phenotype of mossldh knockouts.(C) The number of early gametophores at 21 days after
inoculation measured in a 3.8 rharea (n=10)D) Principal Component Analysis of processed RNA-
seq data generated by the Sleuth R package (v10.32C1 accounts for the maximized variance,
while PC2 is orthogonal to PC1 with the second-bshvariance(E) DiVenn diagrams depicting
different and overlapping gene regulatioreidh5F2, aldh10A1 andaldh21A1 mutants in comparison
with the wild-type. Red and blue dots represemificantly upregulated and downregulated genes (q
< 0.05, fold-change 2), respectively, in the linked comparisons.

Fig. 6. Metabolites and gene transcripts in three P. patens aldh knockouts versus WT. (A)
Relative changes of selected metabolites compar®dTt plants. Data were measured in triplicéBe.

C) Relative changes in levels of transcript expresdigiermined by RNAseq analysis related to genes
linked to GABA shunt and TCA cycle (B) and polyamiand GST metabolism (C). Values are means
of three biological replicates per genotype. Mass@es grown in the presence of 300 mM NaCl.
Asterisks indicate statistically significant difeerces in knockout lines versus the controls inieega
Student's t-test (t-test; *, **, and *** correspoial p-values of 0.05 > p > 0.01, 0.01 > p > 0.0

p 0.001, respectively).
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Fig. 1. Reaction scheme of the TCA cycle and its connection to the GABA shunt and polyamine pathway via ALDH10
and ALDHS reactions. GABA, which is synthesized from glutamate or 4-aminobutyrate (ABAL), is transaminated via
GABA-T to succinic semialdehyde (SSAL) and further oxidized to succinate by plant ALDHS and ALDH21 using NAD" and
NADP* as coenzymes, respectively. NAD'-dependent ALDH10 interconnects GABA shunt (green) and polyamine metaboli-
sm (orange) as it oxidizes 3-aminopropanal (APAL), 3-acetamidopropanal (acAPAL) and ABAL from di-/poly-amine degra-
dation to amino acids such as f-Ala, ac-f-Ala and GABA.
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Fig. 2. Gene expression screening in moss and barley seedlings upon hormone or stress treatments.

(A) Expression profiles of moss ALDH superfamily. (B) Expression profiles of barley ALDH superfamily.

Moss was grown in Knop's medium, barley was grown in Hoagland's solution and expression was determined by qPCR
using dual-labeled FAM-TAM probes. Fold change in relative expression vs control in six technical replicates was
statistically analyzed with a t-test; *, **, and *** correspond to p-values of 0.05 >p > 0.01, 0.01 >p>0.001, and p <
0.001, respectively.
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Fig. 3. Kinetic properties of APpPALDH10A1 and PpALDHS family. (A) Substrate screening for major substrates of A
PpALDH10A1. Measured with 1 mM substrate in 150 mM Tris-HCI buffer (pH 8.5) containing 1 mM NAD™ at 30 °C.
Error bars stand for S.D. (n=4). (B) Saturation curves for five aminoaldehydes. Measured in 150 mM Tris-HCI buffer (pH
8.5) containing 1 mM NAD™ at 30 °C. (C) Affinity measurements of APpALDHI0A1 for TMABAL, NAD", reaction
products TMABA and GABA and the product analog meldonium by MST on a Monolith NT.115 instrument (NanoTem-
per Technologies) at 25 °C. The binding was assessed in 50 mM Tris-HCI at pH 9, 100 mM NacCl, and 1% GOL, supple-
mented with 0.05% Tween. K| values are indicated. (D) Screening of substrate specificity of moss and barley ALDHS.
Measured with 200 uM aldehyde in 150 mM HEPES buffer (pH 8.0) and 1.5 mM NAD" at 30 °C. (E) Saturation curves
for SSAL, NAD*, NADP* and pentanal with PpPALDHSF1. Data were measured in 150 mM HEPES buffer pH 8.0, using
1.5 mM NAD* (for SSAL) or 40 uM SSAL (for coenzymes). Error bars stand for S.D. (n=4). (F) Affinity measurements
of PPALDHSF1 for NAD*, succinate and sulfate ions by MST on a Monolith X instrument (NanoTemper Technologies)
at 25 °C. The binding was assessed in 50 mM Tris-HCl at pH 8.0, 100 mM NaCl, supplemented with 0.05% Tween. K|
values are indicated.
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Fig. 4. Structure of PpALDHS5F1 and residues linked to SSAL binding. (A) The tetrameric structure of PpALDHS5F1 is composed of
four monomers arranged as two domain-swapped dimers. (B) Each subunit contains catalytic (red), coenzyme-binding (aquamarine), and
oligomerization (dark blue) domains. The NAD" coenzyme is in yellow. (C) NAD* molecule bound in the contracted conformation.
Interacting residues are labeled and the coenzyme is in yellow. (D) NAD" molecule bound in the contracted conformation and the coenzy-
me is colored in violet. (E) Superposition of the coenzyme in extended (in violet) and contracted (in yellow) conformations, next to the
catalytic cysteine. (F) Active-site residues forming the substrate channel in PpALDHS5F1. The bound sulfate mimicking the substrate is
shown in its annealing Fo-Fc omit map (black mesh) contoured at 3.0 6. (G) Superposition of the substrate channels of PpALDHSF1 (light
brown, this work) and PpALDH21 (cyan, PDB 5MZ8, Kopecna et al., 2017). The succinate in purple line representation bound to the
active site of PpALDH21 is shown for comparison. (H) Conservation of amino acids forming the substrate channel in ALDHS and
ALDH21 families. Residue numbering follows that of PpPALDHSF1 and PpALDH21. Residues binding the carboxylate group of SSAL are
highlighted in red rectangles. Sequence logos were made using WebLogo 3 (http://weblogo.threeplusone.com). (I) Substrate specificity of
PpALDHSF1 variants. Measured with 200 pM aldehydes in 150 mM HEPES buffer (pH 8.0) at 30 °C. Error bars stand for S.D. (n=4).
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Fig. 5. Growth differences and RNA-seq in moss aldh knockouts. (A) Growth after point inoculation on modified Knop
medium and 1% plant agar. Cultivated for one month under normal, osmotic stress and salt stress conditions at 19 °C.
Graph values indicate mean + S.D. (n=15). (B) Phenotype of moss aldh knockouts. (C) The number of early gametophores
at 21 days after inoculation measured in a 3.8 mm? area (n=10). (D) Principal Component Analysis of processed RNA-seq
data generated by the Sleuth R package (v 0.30.1). PC1 accounts for the maximized variance, while PC2 is orthogonal to
PC1 with the second-highest variance. (E) DiVenn diagrams depicting different and overlapping gene regulation in
aldh5F2, aldh10A41 and aldh2 141 mutants in comparison with the wild-type. Red and blue dots represent significantly
upregulated and downregulated genes (q < 0.05, fold-change > 2), respectively, in the linked comparisons.
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Fig. 6. Metabolites and gene transcripts in three P. patens aldh knockouts versus WT. (A) Relative changes of
selected metabolites compared to WT plants. Data were measured in triplicate. (B, C) Relative changes in levels of
transcript expression determined by RNAseq analysis related to genes linked to GABA shunt and TCA cycle (B) and
polyamine and GST metabolism (C). Values are means of three biological replicates per genotype. Moss samples
grown in the presence of 300 mM NacCl. Asterisks indicate statistically significant differences in knockout lines versus
the controls in a paired Student's t-test (t-test; *, **, and *** correspond to p-values of 0.05 > p > 0.01, 0.01 >p >
0.001, and p < 0.001, respectively).
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