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ABSTRACT

Raffinose family oligosaccharides (RFOs) accumulateseeds during maturation desiccation in
many plant species. It is still unclear whether RFRave a role in establishing seed vigor.
GALACTINOL-, RAFFINOSE- and STACHYOSE-SYNTHASE (G@, RS and STS) are enzymes
responsible for RFOs biosynthesis. Only raffinaseetected in maize seeds and a unique nRSze
gene ZmRS) was identified. Two independentutator (Mu)-interruptedzmrs lines, containing no
raffinose but hyper-accumulating galactinol, hagh#icantly reduced seed vigor, compared to null
segregant (NS) controls. Unlike maize, Arabidogsisds contain several RFOs (raffinose, stachyose
and verbascose). Manipulation of Arabidopsis RF@gent by overexpressirgmGOLS2, ZmRS or
AtSTS demonstrated that co-overexpressioZmGOLS2 andZmRS, or overexpression @mGOLS2
alone, significantly increased total RFOs and enbdn seed vigor. Surprisingly, while
over-expression oZmRS increased raffinose it dramatically decreased seégdr, galactinol,
stachyose and verbascose amounts, while the m(atas) was similar to WT in all respects except
for stachyose, which it accumulated. Total RFOsORBucrose ratio, but not absolute individual
RFOs amounts, positively correlated with Arabidepseed vigor, with stachyose and verbascose
contributing more than raffinose. These findingsvite new and contrasting information about the

requirement for RFOs for seed vigor of a monocat alicot.
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INTRODUCTION

Raffinose family oligosaccharides (RFOs) are thaughplay a role in promoting seed vigor, seed
longevity in storage, and plant abiotic stressriee based on positive correlations between RFOs
accumulation in the late stage of seed developmeimt leaves when plants encounter abiotic stress
and subsequent survival of these stresses (Dowaie 003; Egert et al., 2015; Koster and Leopold
1988). The first committed step of RFOs biosynthesithe GALACTINOL SYNTHASE (GOLS;
inositol 3-alpha-galactosyltransferase; EC 2.4.3)1Ratalyzed production of galactinol using
myo-inositol and UDP-galactose as substrates (Sarasfital., 1987). The second step uses
RAFFINOSE SYNTHASE (RS; galactinol-sucrose galagitoansferase; EC 2.4.1.82) to generate
raffinose using galactinol and sucrose as substr@eterbauer et al., 2002). RFOs with a higher
degree of polymerization (DP) exceeding 3 monosatigés are synthesized by the further addition
of galactose moieties, donated by galactinol, twelo DP RFOs. For example, stachyose is
synthesized by STACHYOSE SYNTHASE (STS; galactiradfinose galactosyltransferase; EC
2.4.1.67) using the substrates galactinol andnage (Gangl et al., 2015). Alternatively, the highe
DP RFOs can also be produced by the action of a A&ANIAN: GALACTAN GALACTOSYL
TRANSFERASE (GGT) in those species in which thigyeme exists (Bachmann and Keller, 1995;
Peterbauer and Richter, 1998; Tapernoux-Luthi et 2004); the terminal galactosyl residue is

transferred from one RFOs member to another to foxenhigher (HDP) and one lower DP RFOs.

Despite years of study, it remains unclear whegfadactinol, or any RFOs, are definitively required
for, and directly involved in, seed vigor (Dierkirand Bilyeu, 2009) or vegetative drought- or
cold-tolerance (Amiard et al., 2003; Zuther et aD04). If required, the possible mechanisms of
action (peripheral metabolic involvement (Kim et &016); free radicle scavenging (Nishizawa et
al., 2008); sucrose crystallization inhibition (hen and Labuza, 2006); water replacement
(Martinez-Villaluenga et al., 2008) and the celtu@mponent(s) affected (lipids (Hincha et al.,
2003); proteins (Wendorf et al., 2004); generalahelic dampening (Sun and Leopold, 1997); or

combinations of these) remains obscure.

GOLS has been extensively studied using overexipresd variousGOLS genes from a host of
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species in transgenic Arabidopsis or tobacco plamish has generally increased galactinol- and
raffinose-content while concurrently enhancing #bistress tolerance (Gu et al., 2016; Himuro et
al., 2014; Shimosaka and Ozawa, 2015; Taji eR@D2; Zhuo et al., 2013). Presumably, redundancy
among the members of tli&OLS gene family in plants has resulted in only a fémdes reporting
results fromgols mutants. In Arabidopsisgtgolsl and atgolsl atgols2 double mutant seeds were
negatively correlated with seed longevity (de Sodizigal et al., 2016). Those that have examined
gols mutant vegetative stress tolerance have only decba biochemical phenotype (reduction in
galactinol and raffinose quantities after heat gh{fanikulangara et al., 2004); or none at all
(Nishizawa et al., 2008); under multiple abiotieesses. A single report has documented a reduction
in the induced systemic resistance against thealupgthogenPseudomonas chlororaphis O6, a

biotic stress, iratgolsl (Cho et al., 2010).

Compared to the well-studied GOLS, little is knowbout RS, which shares high sequence
homology with ALKALINE-a-GALACTOSIDASE (AGA; EC 3.2.1.22) (Peters et alQ1®). To
date, while several putative RS genes have beeanteg]) few of these have been confirmed to have
the ability to synthesize raffinose in vitro orvivo (Egert et al., 2013; Gangl et al., 2015; Lahet

al., 2014; Li et al., 2007; Peterbauer et al., 2@ et al., 2012). In maize there were R$igenes
predicted but none have been characterized for d&@itg (Zhou et al., 2012). In the model plant,
Arabidopsisthaliana, there are six putatiVeS genes AtRS1-6) (Nishizawa et al., 2008), but, to date,
only AtRS4, identified as a STACHYOSE SYNTHASE (A% with some raffinose synthetic
capacity (Gangl et al., 2015) and AtRS5, a RAFFIROSYNTHASE without the capacity to
synthesize HDP RFOs (Egert et al., 2013), have Ibemrhemically verified to produce raffinose.
The atrs5 mutation abolished raffinose in the leaves buy@atluced the raffinose content in seeds,
leading to speculation that a second RS existhigrdpecies (Egert et al., 2013), a role filled by
AtRS4. Theatrs4 mutant was devoid of stachyose, but had greatfinase in the seeds, while the
double knockouttrs4 atrss mutant seeds lacked both raffinose and stachyoséadd much more
galactinol (Gangl and Tenhaken, 2016). In keepirith va role for RFOs in seed vigor, the
Arabidopsisatrs4 mutant seeds (no stachyose; increased raffincsmpleted germination faster

than control seeds (Gangl et al., 2015); while ahv&4 atrs5 double mutant seeds exhibited a 5



101
102
103
104
105

106
107
108
109
110
111
112
113
114
115
116
117

118
119
120
121
122
123
124
125
126

127

day-delayed completion of germination in darknessciv was alleviated in the light or partially
alleviated by the addition of galactose to the raehi darkness, both novel findings. To our
knowledge, thatrs4 mutant in Arabidopsis is the sole example of gmwvery and characterization
of a mutation in &STACHYOSE SYNTHASE (Gangl et al., 2015) while no reports have exmlore

mutation of enzymes involved in RFOs with a degrepolymerization greater than Stachyose.

Seed vigor is a multigenic trait, as emphasizedhleyexistence of a variety of quantitative tratilo
(QTL) contributing to this seed characteristic (6fpest al., 2013; Cui et al., 2002; Dargahi et al.,
2014; Liu et al., 2014; Xie et al., 2014). This q@iwates and restrains the genetic modification and
the traditional breeding of crops for improvemehseed vigor. RFOs content is positively correlated
with seed desiccation-tolerance of soybean (Koatet Leopold, 1988) but is dispensable for
desiccation tolerance in Arabidopsis seeds (Gandl ®enhaken, 2016). A positive correlation
between raffinose content in embryos and seed wigardeclared in maize seeds (Bernal-Lugo and
Leopold, 1992). Despite these studies, the knockautaints in genes involved in RFOs biosynthesis
in Arabidopsis have failed to show any phenotypmarges during normal growth other than
perturbations in soluble sugar quantities (Egeralet2013; Gangl et al., 2015). In addition, the
function of galactinol and each individual membdr RFOs, such as raffinose, stachyose or

verbascose, has not been specifically investigaitds not been distinguished from one another.

In this study, we confirm that raffinose is the YorRFOs member stored in maize seed and
demonstrate thatzmrs seeds, which lack raffinose, although survivingsideation, display
significantly reduced seed vigor. As well, we ctwaated that Arabidopsis seeds contain several
members of RFOs, including raffinose, stachyosewamidascose. The total amount of RFOs and the
ratio of RFOs to sucrose, but not the absolute amnob individual RFOs members, determined
Arabidopsis seed vigor. Galactinol, a substrateRiBOs synthesis and correlated with seed longevity
(de Souza Vidigal et al., 2016), does not direatbntribute to seed vigor in either maize or
Arabidopsis. We provide evidence that, despite d@rmultigenic trait, seed vigor can be altered

positively through careful manipulation of RFOs qaosition relative to sucrose amounts.

RESULTS
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Identification and Characterization of a Maize RAFFINOSE SYNTHASE gene

To identify maize RAFFINOSE SYNTHASE (ZmRS), fouARFINOSE SYNTHASE (RS) protein
sequences from other species, known to have ra#fisynthetic activity, were used to BLAST the
maize B73 genome (AtRS5, NP_198855; CsRS, E1I5MRSPCAD20127; OsRS, XP_015621501)
(http://www.maizegdb.org/). These RS protein segasrshowed high homology to a single maize
protein (GRMZM2G150906-P01) and this maize prothared a greater evolutionary relationship
with RSs than STSs from other species (Figure. Bgquence alignment analysis showed that
ZmRS shared 60.42%, 59.45%, 59.70% and 78.91%itgenith AtRS5, CsRS, PsRS and OsRS,
respectively (Supplemental Figure 1). Two knownsasuied motifs, DDxW and KxD were present
in AGA, as well as in ZmRS and other RS (SupplemehRigure 1) (Carmi et al., 2003). Notably,
two conserved motifs (FMXLGTEAxXLG and SGDPxGTxWLQBMVHC) present in all RS
sequences were absent in AGA amino acid sequeBcgplemental Figure 1). This indicated that

GRMZM2G150906 was most likely encoding a RS rathan an AGA or a STS.

To characterize the biochemical function of theapiue ZmRS gene product, th#mRS CDS was

cloned into theE. coli expression vectquET-21d in frame with a carboxy-terminal hexahistidyl tag
(Supplemental Figure 2A). The ZmRS protein is ptedl to contain 790 amino acids with a
calculated molecular mass of 85 kDa. After inductioy IPTG, a recombinant presumptive
ZmRS:Hig protein band of approximately 85 kDa was detec(8dipplemental Figure 2B

arrowhead). In the presence of sucrose and gabhctihe crude bacterial extract containing
ZmRS:Hig protein produced raffinose amayo-inositol whereas the control crude extract fr&m

coli cultures transformed with an empiET-21d vector failed to produce either in the same time
frame (Figure 1B). In addition to the raffinose #hgtic activity, crude bacterial extract with the
ZmRS:Hig protein also hydrolyzed galactinol and releas®d-inositol if sucrose was not present
whereas the bacterial lysate from the empty veeims incapable of such hydrolysis (Figure 1C).
Even though ZmRS shared high-homology with AGA, teeombinant protein was incapable of

hydrolyzing raffinose (Figure 1D).

ZmRS gene expression and the protein accumulation aeab/zed by real time RT-PCR and western

blot analysis, respectively. Both mRNA and protexpression oZmRS were determined to occur
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predominantly in leaves and in embryos (Supplemdhntares 3A and 3B). Raffinose accumulated
to much greater amounts in embryos compared tospedms in mature seeds (Supplemental Figure
3C) and ZmRS protein abundance was much greagnbryos than in endosperms at the late stage
of seed development (Supplemental Figure 3D). lbrgos, theZmRS mMRNA and ZmRS protein
started to accumulate at 30 days after pollinati®sP) and peaked between 35-45 DAP (Figure 2A)
and 45 DAP (Figure 2B), respectively, and yet thetgdn was already undetectable in 55 DAP
embryos. In overall trends, raffinose amounts we@e closely correlated witAmRS mRNA
expression level (Figures 2A and 2C) than the spwrading protein accumulation (Figure 2B)
during development. After 40 DAP, raffinose amoumé&e trended toward a decline, possibly due to
the dramatically increased expression at 45 DAP@®ZmAGAL encoding an alkaline-galactosidase
that hydrolyzes raffinose (Figure 2C; Supplemehigure 4). During seed imbibition, both embryo
ZmRS mRNA (Figure 2A) and raffinose (Figure 2C) trend#dadily downward whereas the ZmRS

protein was below the level of detection (Figurg.2B

The role of raffinose in maize was investigatechgdiwo mutator (Mu)-insertedzmrs mutant lines,
which were obtained from different resources fraffecent inbreds (specifically W22 and B73) and
which were backcrossed twice in respective pardimias and subsequently selfed and genotyped to
track homozygosity for both thilu-insertional mutant and its corresponding null eggnt (NS)
(Figure 3A and Supplemental Figure 5A). PCR deteeahithe region oMu insertion in theZmRS
gene for both mutant alleles (Figure 3B and Supplaal Figure 5B). A 2.2 kb and a 0.55 kb DNA
fragment was amplified from thers-1 mutant and NS plant, respectively (Figure 3B) ggnmers
F2a and R2a (Figure 3A); indicating that thier had inserted between the binding sites of these
primers (Figure 3A). PCR and sequencing of thelt@suamplicons using &u-specific primer
(TIR) with corresponding gene-specific primer (FRR2a) revealed a typical 9-bp duplication
flanking theMu element (Figures 3A and 3B). Transcriptional competencyZoRS in the mutant
plant was determined by RT-PCR using different prireets anchored on different regions of the
ZmRS CDS (Figure 3A and Supplemental Figure 5A). Whigmscription of the cDNA encoded by
the first exon was inhibited immrs-1, a similarZmRS transcript abundance was detected in both NS

and mutant plants when the RT-PCR was performegli(€i3C) using primers F3a and R3a (Figure
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3A). As anticipated, RT-PCR using R2a and TIR prandid not produce an amplicon from NS
cDNA, but, unexpectedly, did generate a clear atoplifrom the homozygousnrs-1 mutant plant
(Figure 3C). This indicated that the insertion loé Mu interrupted the transcription @mRS gene
but there may be a cryptic promoter inside Ma which can initiate the transcription of its
downstream sequences present inzhes-1 mutant. Similar characterization by PCR and RT-PCR
of thezmrs-2 mutant determined thiglu site was instead in the second exon and causedapresm
termination ofZmRS transcription and did not use another start sgmfwithin theMu as hadzmrs-1
(Supplemental Figures 5A to 5C). By using westdot hybridization, detectable ZmRS protein
accumulation was evident in the leaves of the NSnbti in those of either mutant (Figure 3D and
Supplemental Figure 5D). Consistent with the abseri@a putative unique RS enzyme, no raffinose
(the product of the enzyme-catalyzed reaction) dretater galactinol (a required substrate) were
detected in the mutant leaves, embryos and enduosffégure 3E and Supplemental Figure 5E) as
compared with respective NS tissues. Within theétéiraf the current methods’ detection levels, these
results strongly support the hypothesis thatami&S gene (GRMZM2G150906) product is uniquely

responsible for raffinose synthesis in maize learesseeds.

Despite the loss of raffinose in both mutant linkg 1000-seed weights between the mutants and
their null segregants, within each inbred line, evstatistically identical (W22 null: 186.483.72 g;
W22 zmrs-1: 184.78+15.24 g; B73 null: 164.1:89.38 g; B73zmrs-2: 179.23+t14.18 g). Plant
stature and leaf appearance were also indistingbishwhen the null andmrs mutant were

compared within each inbred line (Supplemental Fad).

Raffinose enhances maize seed vigor which improves seedling growth

Seed vigor of NS andnrs was tested using accelerated aging (AA) treatreembethod which is
widely adopted for testing seed vigor and longefliyeso et al., 2014; de Souza Vidigal et al., 2016;
Han et al., 2014; Rajjou et al.,, 2008; Wang et 2016) The only significant differences for the
completion of germination of unaged seeds betwieemtrs-1 and its corresponding NS occurred at
36 and 48 h after imbibition (HAI) (Figures 4A aa8). Although AA treatment for both 3 and 6

days (AA3 and AAG, respectively) decreased the gaation percentage of both NS amars-1
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seeds, the performance mfrs-1 seeds trended as poorer than that of its NS wghificant
differences between the genotypes within an AAttneait at 3 times points, namely 72 h AA3, and
both 108 and 120 h AA6 (Figures 4A and 4Bjrs-2 seeds also completed germination to a lower
percentage than its NS when aged for 3 days at @@dhbeyond (Supplemental Figures 7). In
addition to the seed vigor, both root- and shoontdks of NS seedlings produced from those seeds
were significantly longer than that of thers mutants (the one exception being the roots of A6
zmrs-1 and its NS) (Figure 4C; Supplemental Figure 7Q)e Bugar profile of the NS arairs-1
embryos before or after AA treatment revealed mgniBcant differences in sucrose content
regardless of aging treatment (Figure 4D). Tye-inositol and galactinol contents were consistently
greater and lesser, respectively, in NS embryadivel tozmrs-1 embryos (Figure 4D). As shown in
Figure 2E, the mutant had no detectable raffinasihé embryo (Figure 4D) and HDP RFOs were
not present in maize. Taken together, these sega siata and sugar profiles supports the hypothesis
that a complete loss of raffinose detrimentallyluahces seed vigor in maize; that increases in
galactinol do not compensate for the loss of ra and suggest that RS is potentially maintaining

myo-inositol amounts in seeds via an unproductiveegtlgalactinol synthesis/hydrolysis.

Total amount of RFOs and the ratio of RFOs to sucrose, not the individual RFOs members,
deter mines Arabidopsis seed vigor

Raffinose, stachyose and verbascose are 3 majmsfof RFOs that can be detected in seeds of
Arabidopsis (Righetti et al., 2015) and other cptgnts, e.g. soybearslycine max) (Blackman et al.,
1992) and peaP{sum sativum) (Peterbauer et al., 2003). To determine the tffe¢ RFOs on
Arabidopsis seed vigor, Arabidopsis lines lackingR& @trs5), or constitutively expressing
ZmGOLS?, ZmRS, ZmGOLS2/ZmRS, or AtSTS (At49g01970) were generated and the expression of
relevant genes was confirmed by RT-PCR or westkrnamalysis (Supplemental Figures 8, 9A and
10A ). Previously generated (Gu et al., 2016) Adapsis linesconstitutively expressingGFP or
ZmGOLS2, were also included in the experiment. These Al@sis lines (within a Figure) were
grown at the same time, in the same place and si@d/®n the same day producing seedlots to be
characterized for seed viability, seed AA toleraand the content of each RFOs member (Figure 5;

Supplemental Figures 9 and 10). Unaged seeds ftbhmes completed germination to a similar
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extent as WT oOEGFP lines (Figure 5C; Supplemental Figures 9C and 10Call lines for which
seeds completed germination after the 3-day AArmeat to a greater percentage than those seeds of
WT and OEGFP, the seeds prior to the AA treatmeut less sucrose and that was observed as a
negative correlation with tolerance to AA upon Rearcorrelation analysis (Table 1; Figure 5E and

Supplemental Figures 9E).

The OEZmRS lines contained statistically significantly lesslagtinol, stachyose and verbascose and
more raffinose, relative to the WT seeds (Figuréstd 5J; Supplemental Figures 9G to 9J) and;
upon seed aging for 3 days, completed germinationenpoorly than the WT o©OEGFP lines
(Figure 5D and Supplemental Figure 9D). Tdies seeds had more galactinol, less stachyose, and
similar amounts of raffinose and verbascose to WHGEGFP lines while, following aging, its seed
vigor was similar to that of the WT oDEGFP (Supplemental Figure 9D, 9G to 9J). The
OEZmGOLS2 seeds contained more galactinol, stachyose anobhsersse and similar raffinose,
relative to the WT an@EGFP and produced seeds that withstood aging signifigdogtter than the
controls (Figures 5D, 5G to 5J; Supplemental Fig@®, 9G to 9J). Seeds that had poorer or greater
vigor differed regarding stachyose content, possgsiess or more, respectively. To pursue this
observation linking stachyose accumulation withlAdapsis seed vigor further, Arabidopsis plants
overexpressing the endogen@HACHYOSE SYNTHASE gene were created, and grown, along with
OEGFP and WT, for seeds. One lINn@EALSTS4) failed to accumulate AtSTS noticeably more than
WT or OEGFP, while two other linesOEAISTS-1 and -9) hyper accumulated STS protein
(Supplemental Figure 10A). Seeds from these line®wanalyzed for sugar quantity and identity and
OEAtSTS 1, -9 were found to contain similar sucrose and verbssto WT andOEGFP lines, less
galactinol, and morenyo-inositol, raffinose, and stachyose than the seddthe two controls
(Supplemental Figure 10F to 10J). Line OEAtSTS-dedafrom WT andOEGFP lines only with
respect to galactinol amounts, of which it had m&egardless of sugar amount, DEALSTS lines
and theSTS co-suppressed line, were all equal to WT @iGFP seeds regarding final germination
percentage after aging except for 84 hours aftdriiition when OEAtSTS 1 and -9 attained a

significantly greater percentage germination foilogvaging (Supplemental Figure 10D).

Three double overexpressing linesZofGOLS2/ZmRS, independent with regards to tBmRS event

10



267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292

293
294

by the transformation oZmGOLS2 over-expressing plants, were generated and, altig WT,
OEGFP, OE ZmGOLS2, andOEZmRS-25, grown at the same time, in the same place ancesizd

on the same day producing seedlots to be charaeteriThere were more viable seeds in
ZmGOLS2/ZmRS double expressing lines than in any other linerafA treatment as determined by
tetrazolium assay (Figure 5A). After 3 days of Aldtment, seeds aImGOLS2/ZmRS double
expressing lines had the greatest germination pgxge among all lines. This was not due simply to
the mitigation of ill effects fromOEZmMRS by concurrentOEZmGOLS2 because seeds of the
ZmGOLS line, although with significantly greater perceggagermination than WT or OEGFP, were
surpassed by those of @BGOLS2/ZmRS expressing lines. The seeds of theZBRS-25 line again
had significantly lower germination percentageshthH other lines (Figures 5B and 5D). The seeds
of the double OE lines contained less sucrosectyatd, stachyose, and verbascose than the WT or
OEGFP seeds but had greater amounts of raffinose (Fsg&Eeto 5J). This sugar profile of the
double over-expressors (relative to WT and OEGIgses the same as for tB&ZmRSlines (both
have more raffinose than the controls) exceptttatdouble over-expressors have less sucrose than
the controls or th©EZmRS lines, and yet seed vigor of tl=ZmRS lines was much worse, and the
double OE lines, much better, than WT and OEGFBssee

If the RFOs play a role in Arabidopsis seed vigloen it may be reasonable to expect that alterstion
leading to departures from WT relative abundaneesl flux through the various RFOs precursors
and members) may be fraught with consequencesolivious that seed vigor cannot be attributed to
any one RFOs (Table 1). To determine if there mayaldiscernable pattern between the relative
abundance (percent composition) of sugars invoimechaking, and comprising the RFOs, each
member of RFOs, sucroseyo-inositol and galactinol and the seed AA tolerafastermined by the
germination percentage at 84 h after imbibitioricfeing 3 days AA) were compared among all
Arabidopsis lines (Figure 6A). The original sugasntent of each Arabidopsis line is listed
(Supplemental Dataset 2). Additionally, the presemé verbascose in Arabidopsis seeds was

validated using LC-MS/MS with high resolution acater mass (Supplemental Figures 11-14).

The relative abundance of RFOs in DESOLS2/ZmRS expressing seeds was the greatest among all

lines and its AA-resistant germination percenta@es &lso the greatest. The second greatest RFOs

11
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percent composition and AA-resistant germinatiomcgetage was that oDEZmGOLS2. The
OEALtSTS lines have the next greatest RFOs relative abwedamd AA-resistant germination
percentage. Finally, th@EZmRS lines had the least RFOs percent composition agpaced to other
OE lines, but have greater RFOs percent compositian WT or OEGFP lines, yet produced the
seeds with the worst vigor. In addition, galactipetcent composition was not evidently linked with
Arabidopsis seed vigor (Figure 6A, Table 1) whiler®se percent composition followed a trend
opposite to total RFOs relative abundance. Stedistanalysis using Pearson correlation was
performed to determine the relationship betweeh @atividual sugar, the total amount of RFOs, the
raffinose: sucrose ratio, the HDP RFOs: sucrose eatd seed AA tolerance (Table 1). Total RFOs
was positively correlated with seed AA tolerance<(®5). Furthermore, sucrose content is
negatively correlated with seed AA tolerance (P&D.There is no statistically significant corredati
between any individual RFOs and seed AA tolerahidéely due to the competition for the substrate
galactinol and the direct utilization of raffinoge the formation of stachyose, there is a negative
correlation between raffinose and stachyose oragmdse (P<0.01). Dualistic linear regression
analysis of effects of the ratios of raffinose/siser (X1) and HDP-RFOs/sucrose (X2) on seed vigor
(Y) defined the results as the equation provide#igure 6B with a R=0.737 (p=0.003). According
to this formula, the contribution of HDP-RFOs tamse ratio (270) to seed AA tolerance is greater
than the raffinose to sucrose ratio (204) to seédtderance. Thus, the carbohydrate distribution
within Arabidopsis seed as it relates to toleraimcAA requires further study to predict an optimum

target sucrose to RFOs ratio.

RS and STS Have Evolved from the Same Ancestral Gene and Maize Has L ost the STS Gene
During Evolution

The protein sequences of RS and STS differ mostrdaty thea-amylase catalytic (AC) domain
from STS which is missing from RS (Supplementalurég15A). The coding region of the AC
domain of AtSTS gene was either deleted frodtSTS or inserted into the corresponding site of the
ZmRS gene (Supplemental Figure 15B). ZmREZmMRS (ZmRS with the AC domain of AtSTS),
AtSTS andAALSTS (AtSTS with the AC domain deleted) were proetliin bacteria (Supplemental

Figure 15C).AZmRS showed similar raffinose synthetic activityZmRS. AtSTS showed a very
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weak raffinose synthetic activity, whilAAtSTS did not show any raffinose synthetic activity
(Supplemental Figure 15D). AtSTS showed a cleachstase synthetic activity, whilAAtSTS,
ZmRS or AZmRS did not show any stachyose synthetic actiutgler the conditions tested
(Supplemental Figure 15E).

Using AtSTS, AtRS (Gangl et al., 2015) or ZmRS asryg sequences to search the genome of 7
dicot and 4 monocot species, RS was found in atisggs and STS were found in all dicot plant
species. While&sTS gene was found in sorghum and foxtail mill&gtéria italica), it was not found

in other monocot plant species, such as maizecer(Bupplemental Table 1). The RFOs profile of
seeds of different plant species, at varying phgtagic distances from maize, was examined
(Supplemental Figure 16, Supplemental Table 1)fifkafe was found to be the only form of RFOs
detectable in maize, teosinte (the undomesticattdive of maize), foxtail millet and ric€d(yza
sativa), while raffinose and stachyose were detected arglsim and all dicot plant species
(Supplemental Figure 16, Supplemental Table 1)s&hata suggest that RS and STS have evolved
from the same ancestral gene and that either tl& dg&he was lost in the maize ancestral genome
during evolution, not during domestication or, thia teosinte lineage did not develop a STS before
diverging from the ancestral group. The biosynthesid function of RFOs in plants may be divided
into two categories (Figure 7). Plants in the faategory, such as maize, have raffinose as tlege sol
RFOs member and some raffinose is necessary fdrngger. Plants in the second category, such as
Arabidopsis, contain both raffinose and higher DFOR members. Raffinose, in the second category
of plants, may exert a protective role (as it doeshe first category), act to draw down sucrose
amounts through its synthesis, as well as act asbstrate for synthesis of higher DP RFOs.
Regardless of the complexity between total RFOsuwaihand its constitution relative to sucrose,
seed vigor can be positively manipulated in theszls as well when the sucrose to RFOs ratios are

altered (Figure 7).

DISCUSSION

Raffinose, the Only RFOs Member in Maize, is Directly Correlated with Maize Seed Vigor.

Ten genes were previously predicted as RS syntlsisg a Pfam search in maize (Zhou et al., 2012);
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however, GRMZM2G100355 and GRMZM2G311684 were noitgn coding sequences but
transposable elements according to the MaizeGDB abdae. GRMZM2G340656,
GRMZM2G127147 and GRMZM2G037265 have been idewtifes AGA (named as ZmAGAL,
ZMAGA2 and ZmAGA3) by our group (Zhao et al., 200Bhylogenetic analysis indicated that
GRMZM2G050177, GRMZM2G077181 and GRMZM2G047292 walgo placed into the AGA
group and are missing the raffinose hallmark motiéscribed here (Figure 1A). One enzyme
(GRMzZM2G311756) groups into the alpha galactosiddade and the last is GRMZM2G150906, a
legitimate RS demonstrated to possess a raffinmsyithetic capacity/galactinol hydrolase activity

in this report.

Neither RS nor raffinose was detectable in thedsaw seeds ars mutant plants, suggesting that
ZmRSis a unique gene encoding a single RS in the nggpeme (Figures 1A, 2 and Supplemental
Figure 5). Raffinose is the only RFOs member deteah maize (Kuo et al., 1988; Obata et al.,
2015), a result confirmed in this study (Supplerakiiigure 16). Similar to Arabidopsis seeds
devoid of raffinose (Gangl and Tenhaken, 2016),cae now definitively state that maize seeds,
devoid of raffinose, do not require RFOs to assw®siccation tolerance. It has been previously
reported that raffinose content is positively clated with maize seed vigor and that a decrease in
raffinose is associated with the decline of segdwduring storage, while sucrose amounts remained
unchanged (Bernal-Lugo and Leopold, 1992; Obend®97). We have demonstrated here, using
independent mutantzitrs) maize plants from two different backgrounds, thatomplete lack of
raffinose synthesis has negative consequencesdmemseed vigor. Bothmrs mutants accumulated
greater amounts of galactinol but no raffinoselinissues tested (Figures 3E, 4D and Supplemental
Figure 5E). The only reported uses of galactineltar 1) synthesize RFOs and; 2) potentially act as
a protective molecule in some species (Nishizawalgt 2008). Becausemrs mutant seeds,
hyper-accumulating galactinol but without raffinpsgemonstrated poor seed vigor, galactinol
amount, and/or metabolic flux to it, are not dihgatorrelated with maize seed vigor although
galactinol may be positively associated with semuyévity, a separate seed attribute (de Souza

Vidigal et al., 2016).
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Total RFOs Amounts and the Ratio of Total RFOs to Sucrose, but not Galactinol, Deter mines

Arabidopsis Seed Vigor.

While the influence of raffinose (or its synthesis) maize seed vigor was clear, the production of
RFOs and its relation to seed vigor in Arabidopsés complex. Unlike maize, many dicot plants,
including Arabidopsis, contain several RFOs membersheir seeds (Supplemental Figure 16,
Supplemental Table 1) and Arabidopsis contain&@Q.S genes (Cho et al., 2010) and at least three
different enzymes capable of synthesizing raffin@angl and Tenhaken, 2016). Studies examining
RFOs associations with seed vigor in these spéees provided conflicting views, some failing to
find associations (Bentsink et al., 2000; Buitinkak, 2000; Dierking and Bilyeu, 2009) while other
do (Blochl et al.,, 2007; Vandecasteele et al., 200ne reason for the discrepancies lies in the
experimental approaches. Those without a correldtemve compared lines/cells differing in RFOs
contents (not complete RFOs absence) as test ssilgeexamined QTL associated with RFOs or
sucrose accumulation individually, not as a rafibose elucidating a correlation do so using QTL
and ratios of sucrose to total RFOs, or pharmaccdbgnhibition of metabolite flux to all RFOs.
These experimental observations then collide fmersd reasons. While a complete absence of
raffinose gave a phenotype in maize, the resida#finose titer required to mask this vigor
phenotype may be small. But gene redundancy (Chal.e2010) and compensatory capacities
(Gangl and Tenhaken, 2016) make the complete dditmoim of all RFOs in many species a daunting
task. Additionally, perhaps the tacit expectatibattRFOs amounts will additively influence seed
vigor is inappropriate. Once some threshold RFQsesent, additional RFOs may not increase seed
vigor additively (Obendorf, 1997). Finally, with tiple RFOs present in the seed, assigning any
potential seed vigor benefit to a specific RFOsteptially including galactinol, is difficult, and
perhaps misplaced if it is the amalgam of all REQ is effective, potentially relative to sucrose
abundance (Horbowicz and Obendorf, 1994). Indekd, ratio of sucrose to RFOs has been
identified to influence seed vigor (Obendorf, 1947y it was just this ratio that was demonstrated t
effectively predict seed longevity whéfedicago seeds were examined using QTL (Vandecasteele et

al., 2011).

There are some publications suggesting that gat@qbiositively regulates seed vigor in Arabidopsis
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and some other plant species (de Souza Vidigal.eR@16; Salvi et al., 2016). Galactinol was
considered as a marker for seed storability in Al@isis, cabbage and tomato (de Souza Vidigal et
al., 2016) and overexpression of the chickg&aLACTINOL SYNTHASE (CaGOLS) gene in
Arabidopsis increased the galactinol and raffinosetent and enhanced seed vigor (Salvi et al.,
2016). Since both galactinol and raffinose weredased by over-expression of ti@GOLS gene, it

iIs not clear whether galactinol, raffinose, or balirectly enhanced Arabidopsis seed vigor. In
addition, galactinol and raffinose are substratessynthesis of higher DP RFOs, such as stachyose
or verbascose. The change of stachyose or vertmseastheir effects on Arabidopsis seed vigor
was not investigated i€aGOLS expressing Arabidopsis (Salvi et al., 2016). Tini®rmation is
important because our evidence from overexpressiegor more genes whose products are involved
in RFOs biosynthesis suggest that the total amouRFOs and the ratio of RFOs/sucrose, but not
galactinol, are responsible for Arabidopsis seegpv{Table 1; Figure 6B). Because galactinol is the
substrate for all RFOs synthesis, overexpressiamn@GOLS gene would generate more galactinol
for the subsequent synthesis of RFOs. RS, STS &8 YWEERBASCOSE SYNTHASE) would
compete among each other for galactinol (Figurgable 1) and this may explain why the content of
many RFOs members changed when overexpressingRé@®g SYNTHASE gene in Arabidopsis
(Figure 7). Furthermore, the apparent efficiencthwvhich galactinol is utilized to make different
RFOs differs among these enzymes. Note thaZth@OLS20E line has more galactinol, stachyose
and verbascose but similar raffinose to WT. Thisldaesult if the efficiency of RS galactinol
utilization is the poorest among the RFOs synthegiegnzymes.

Double knock out mutant seedsatfs4 (stachyose synthase) andatrs5 (raffinose synthase), which
were devoid of both raffinose and stachyose, bat@clated much more galactinol, showed a 5-day
delayed completion of germination in darkness (Gang Tenhaken, 2016). This sevatesd/atrs5
Arabidopsis mutant seed germination phenotype wasnatically alleviated by exogenously
supplied galactose, a phenomenon the authors sedgesght be due to galactose, arising from the
action of galactosidases on RFOs (but apparentigalactinol) and generating a potent metabolite
(galactose) fueling the completion of germinatianArabidopsis (Gangl and Tenhaken, 2016). The

authors present a model in which there is an itagrhbetween galactose from RFOs and
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PHYTOCHROME INTERACTING FACTORG (PIF6) in dark-geimating, positively-photoblastic,
Arabidopsis seeds (Gangl and Tenhaken, 2016). Tastid delay (5 days) in the completion of
germination in darkness for tlagrsd/atrs5 double mutant Arabidopsis seeds (Gangl and Temhake
2016) was not observed famrs mutant seeds completing germination in darknessy Gne of the
two zmrs mutant lines produced seeds for which there wag delay in the completion of
germination in darkness, relative to the null sggre: line (Fig. 4B; Supplemental Figure 7B). The
delay in this line was not severe and, althoughai$ statistically significant, it was evident farlyp

36- and 48-HAl, after which the germination pereges between the mutant and null segregant
lines were identical (Fig. 4B). Treers lines had no detectable RFOs to act as a galaptoskicing
substrate but the time to complete germination masseverely influenced. Potentially then, maize
seeds do not depend on galactose to the same asté&rabidopsis to complete seed germination,
probably due to the photoblastic differences betwtbe two species seedsrecent study using both
Medicago truncatula and peaabi5 mutants showed that the mutant seeds are sensutivRA
treatment and the RFOs amounts in embryonic axslems than that of WT (Zinsmeister et al.,
2016). There are reports that the mass ratio ofosecto raffinose influence maize seed vigor
(Brenac et al., 1997a; Brenac et al., 1997b). Gudliigs are in support of these publications’
conclusions that the total amount of RFOs, anddlie of RFOs/sucrose, not galactinol, is important

for Arabidopsis seed vigor.

The Evolution of RFOs Synthases.

Raffinose is found in mature seeds of many plaetigs while higher DP RFOs, such as stachyose
and verbascose accumulate only in certain plardiepéSupplemental Table 1) (Janecek et al., 2011,
Kuo et al., 1988). MultipldRS genes have been predicted and reported in Arabislopven though
some of them have not yet been confirmed to emlaodffinose biosynthetic capacity (Egert et al.,
2013; Gangl and Tenhaken, 2016; Nishizawa et @08 Unlike Arabidopsis, and despite reports to
the contrary (Zhou et al., 2012) there appearseta Bingle, functional RS in maize. In our hands,
using AtSTS (STACHYOSE SYNTHASE of Arabidopsis) (Gangl et &Q15) as a query to search
the maize B73 genome, we failed to find convinogwidence for &STACHYOSE SYNTHASE gene
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in the maize genome. Neither have we (or otherctled RFOs of a DP exceeding raffinose in

maize (Supplemental Figure 16).

The STS gene was found in foxtail millet genonsSTS) (Supplemental Table 1), however, no
detectable amount of stachyose was produced (Supptal Figure 16). Evidence from RNA-Seq
reads in the NCBI database demonstrates that the igetranscribed and properly spliced but it is
still possible that the mRNA is not translated. ©the mMRNA is translated, the protein has lost it
previous stachyose synthetic activity. A similaersario exists for defective or non-functional
invertase genes (Ruan, 2014). Whether #®IS gene has developed other functions during

evolution needs to be further investigated.

A phylogenetic configuration of the GOLS, RS andS3droteins in the plant kingdom indicates that
GOLS and RS are relatively conserved in the monteddnous- compared to the

dicotyledonous-plants, while the higher DP RFOstlsgses may not have co-evolved with GOLS
and RS. The RFOs biosynthetic pathway evolutionhinige split into two parts, the synthesis of
raffinose and the synthesis of higher DP RFOs (Gataget al., 2015). The insertion of the AC
domain of AtSTS in ZmRS did not enable ZmRS to gali® activity (Supplemental Figure 15), also
suggesting that besides the AC domain, other gpesites of STS are essential for STS activity.

These data support the contention that STS malawa co-evolved with RS.

Maize has but one RS and lacks other alpha-galeatostaining oligosaccharides (e.g. planteose
(Gurusinghe and Bradford, 2001) or cyclitols (Hoxixz and Obendorf, 1994)) that may otherwise
have obfuscated the results. We propose here thigt RFOs are not necessary for plant survival or
seed viability, a complete lack of RFOs is detritaéto seed vigor. Why plant species differ with
regard to the number of genes encoding RFOs bibsiiotenzymes and/or the variety of RFOs
produced is not clear. The explanation that wildnplspecies are often challenged by extreme
environmental stress and so reduction in the RFD®ty is an artifact of domestication does not
bear scrutiny when one considers that the seetteafild relative of maize, teosinte, also contdine
only raffinose. In different cultivars or differebteeding lines of the same crop species, the RFOs

content varies (Kuo et al., 1988) aRHOs synthase gene variants exist (Dierking and Bilyeu, 2008;
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487 Peterbauer and Richter, 2001). Whether seed vigoes in species/cultivars with different RFOs

488 amounts, ratios, and RFOs synthase gene variaets te be investigated further.

489 Regulation of Plant Seed Vigor Through Manipulation of RFOs.

490 We and other groups have confirmed that overexjmess GOLS genes enhanced the abiotic stress
491 tolerance of transgenic plants (Gu et al., 201ém8bkaka and Ozawa, 2015; Sun et al., 2013). It is
492 worth mentioning that constitutive expressionZoiGOLS2 genes in Arabidopsis did not cause any
493 adverse effects to the plant under normal conditi@u et al., 2016). These findings imply that it
494 may be feasible to manipulate RFOs metabolism ap @lants to enhance seed vigor, but while
495 feasible, the mechanism imparting greater toleraaaeot well understood (i.e. strictly speaking,
496 protection may not result due to greater RFOs ansoifitheir ratio to sucrose amounts remains the
497 same). We are currently working on overexpression AfSTS (AtRY), ZMmGOLS2/ZmRS

498 ZmGOLS2/AISTS in maize plants to see if over production of radBe, or generation of some

499 stachyose in maize seed would increase maize sged v

500 RFOs can not be digested by monogastric animalsttaug] are considered to be anti-nutritional.
501 Hence, there are efforts focused on reducing th@sRéontent in crop seeds (Dierking and Bilyeu,
502 2008; Yang et al.,, 2015). By contrast, RFOs areimaportant energy resource for beneficial
503 microflora in the small intestine (Grmanova et 2010; Rada et al., 2008). Understanding the RFOs
504 metabolic pathway and the physiological functiorthedse oligosaccharides would assist researchers

505 to modulate RFOs in crop plants for these multifasi goals.

506 METHODS

507 Identification of Maize RAFFINOSE SYNTHASE.

508 To identify the maize RAFFINOSE SYNTHASE, four bt sequences known to have exhibited
509 raffinose synthetic activityn vitro (AtRS5; CsRS; PsRS; and OsRS) were used as querldast

510 against the Maize GDB (http://www.maizegdb.org).

511 Phylogenetic Analysis
512 To determine the phylogeny of the putative ZmRS MZM2G150906-P01) in the
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galactosyl-transferase family and 38 additionaltgiro sequences including 17 AGAs (PLANT
ALKALINE o-GALACTOSIDASE), 12 AGALs (EUKARYOTICa-GALACTOSIDASE), 5 STSs
(STACHYOSE SYNTHASE) and 4 RSs (RAFFINOSE SYNTHASHre aligned using CLUSTAL
W (Thompson et al., 1994) (Supplemental datas&iripput to MEGAS (Figure 1A) (Tamura et al.,
2011). The sequence-level similarities among theseymes were computed according to the
p-distance (Nei and Kumar, 2000) and their evoharg relationship was inferred using the
Neighbor-Joining method (Saitou and Nei, 1987), #mel robustness of the resultant tree was
indicated as bootstrap values from 1000 iteratmmghe tree branches. Branches corresponding to
partitions reproduced in less than 50% bootstrgticaes were collapsed. The tree was drawn to
scale, with branch lengths proportional to the eisgéed evolutionary divergence. Overall, the tree i
Figure 1A was generated based on 39 protein segsgbeing 79-aa length consistently since all
positions containing gaps and missing data of tbaginal sequences were eliminated from the

dataset.

Vector Construction.

For testing the enzyme activity of ZmRS, a prok#cy@xpression vector was constructed by
amplifying the ZmRS ORF from RT-PCR using a pair of primers (ZmRS-CBd&mHI and
ZmRS-CRR-HindlIll; Supplemental Table 2) and cDNAthesized from maize leaf RNA. Using the
BamHI and HindlIll designed in the primers, the aogis were then digested, gel purified and

directionally ligated int@ET-21d vector (Takara, Japan).

For construction of AtSTS bacterial expression @egirimers AtRS4-cF and AtRS4-cR1 were used
for RT-PCR amplification of the coding region ofS§S from cDNA synthesized from Arabidopsis
leaf RNA. Using the Sacl-Notl designed in the prispethe amplicons were then digested, gel

purified and directionally ligated infoET-21d vector (Takara, Japan).

For construction of the expression vector AmRS protein (ZmRS with the-amylase catalytic
domain of AtSTS, (AC) inserted), overlap extendRIDR was applied. In addition to amplifying the
AC domain from theAtSTS bacteria expression vector with ZmRS-ADD-F2 andRBvADD-R2

primers, the two flankingZmRS amplicons were made with the complementary AC ersm
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(ZmRS-ADD-R1 and ZmRS-ADD-F2, respectively) and ZnRS-CRF-BamHI and
3’-ZMRS-CRR-Hind], respectively, from theZmRS bacterial expression vector. A final PCR
reaction with all 3 amplicons and the 2 restricteazyme-site-containing primers, produced a
2510bpAZmRS CDS with the AC of AtSTS inserted between aotitles 936 and 937 for ligation
into pET-21d.

For construction of the expression vector for ®tSTS protein AtSTS without the a-amylase
catalytic domain (AC)), primers AtRS4-cF and DeRtewere used for PCR amplification of the
5'coding region oAtSTS. Primers DeleteF2 and AtRS4-cR1 were used for B@RBIlification of the
3'coding region ofAtSTS. The two PCR amplicons were used as templatesverlap extension
PCR to obtaimlAtSTS. The PCR product of AtSTS (2394 bp) was then cloned into Sacl-Notl site of
pET-21d vector.

For construction of th#mRS expression vector for Arabidopsis transformatitie, ZAmRS CDS was
amplified by PCR from the prokaryoticpET-ZmRS vector (above) using primers
OXZmRS-CRF-BamHI and OXZmRS-CRR-Xbal prior to diges and ligation intopCSGFPBT
vector where expression is driven by the Cauliflowmsaic virus 35S promoter (Gu et al., 2016).
Similarly, theAtSTS genomic DNA sequence was amplified by PCR frombfgtapsis genomic DNA
(Col-0) using OEAtSTS-CRF-Ncol and OEAtSTS-CRR-Speiers for subsequent ligation into
Ncol-Spel sites of pPCAMBIA1303 vector where it was also expressed under the aoofr the

Cauliflower mosaic virus 35S promoter.

For construction of th&mRS expression vector used for generation of ZmGOLSRHZ3ndouble
expressing Arabidopsis line, ti@nRS ORF was amplified by PCR fropET-ZmRS vector using
primer pair (OEZmRS-double-F and OEZmRS-double-Ryl aloned intoBamHI-Spel sites of
pBI111L (Shao et al., 2012).

EnzymeActivity Assay of ZmRS
The ZmRS,AZMRS, AtSTS orAAtSTS expression vector was transformed iBscherichia coli
(Rosetta gami2, DE3; EMD Millipore) cells. Bactéraltures were grown to Qfgh ni=0.6 at 37°C,

then supplemented with or without 0.1 mM isoproyD-thiogalactoside (IPTG) and growth
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continued overnight at 25°. coli cells were then collected and lysed in PBS buf€ mM,
containing 150 mM NaCl, pH 7.4) using an ultrasocl disruptor. The lysate were then

centrifuged at 15,000xg at 4°C for 20 min.

Raffinose synthetic assays were 5.3 mM galactiBarta, USA), and 2.8 mM sucrose; galactinol
hydrolytic activity assays were 10.6 mM galactirgiBchyose synthetic activity assays were 5.3 mM
galactinol, 16.8 mM raffinose; while raffinose hgtjtic activity assays were 16.8 mM raffinose. All
reactions were performed in a pD reaction system (2pL 2x stock buffer and 2hL crude extract)

containing 25 mM HEPES-KOH (pH 7.0).

The reaction mixture for ZmRS activity or AtSTS ety assay was respectively incubated at 37
or 2511 for two h, then 50Q.L of 80% (v/v) ethanol was added to stop the reacti he mixture was
boiled for 10 min, centrifuged at 15, 000xg at rommperature for 10 min. The supernatant was
then diluted 5 fold with water, frozen and lyophédd to dryness under vacuum. The dry powder was

reconstituted in 100L of double distilled water and stored at 48Quntil HPLC analysis.

Identification of Mu-inserted zmrs Mutant Plants

Maize ¢Zea mays L.) inbred line B73 was maintained in the lab. Heeds of themrs-1 mutant and

its W22 background were obtained from the Maize éliea Cooperation Stock Center using the
UniformMu Transposon Resource (http://www.maizegdiyuniformmu; (Settles et al., 2007) for
identification of UFMu-09411 using th#mRS gene model ID (GRMZM2G150906) as the query.
The zmrs2 mutant seeds in the B73 background were obtainean fthe Barkan lab
(Williams-Carrier et al., 2010). All the maize Im@sed in this study were outcrossed twice at the
Northwest A&F University, China to their respectiVéT and then selfed to recover homozygous
mutants and counterpart Null Segregants (NS) wkiehe used as controls. Genomic DNA was
isolated from maize leaves using the CTAB methaat€Bski et al., 1997). PCR was performed to
characterize the genotype of the plants uZimirS gene-specific primers (Fla, F2a, F3a, Rla, R2a,
R3a, F1b, F2b, F3b, F4b, R1b, R2b; SupplementadeTapandmutator-anchor primer TIR. These

primers were also used for PCR or RT-PCR analyfsfsnirS gene expression.
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Plant Material and Growth Conditions

Arabidopsis thaliana ecotype Columbia plants were transformed by flatigl according to the
vacuum infiltration method usindgrobacterium tumefaciens strain GV3101 (Clough and Bent,
1998). Arabidopsis were grown in a culture roomakhivas set for a 16 h photoperiod at minimum
of 200umol-m? s* and a day/night temperature of 20°C/18 °C. Sekdsrghum Sorghum bicolor)
and foxtail millet Getaria italica) were provided by Dr. Junfeng Zhao (Millet Resbkahastitute,
Shanxi Academy of Agricultural Sciences). Seedsteafsinte Zea mays ssp. Mexicana) were
provided by Dr. Dongwei Guo and seeds of riOeyga sativa spp. japonica) were provided by Dr.
Kunming Chen (Northwest A&F University).

Sample Collection

For each genotype, seeds were gathered from sepaas/siliques and combined before analysis.
For tissue specific expression analysis of #mRS gene, different tissues were harvested from
mature plants of B73 grown in the field. The depélg seeds were detached from ears at the 14, 22,
30, 35, 40, 45, 50, 55 days after control pollioat{DAP), then the seeds were separated into two
parts (embryo and endosperm, without episperm)n Geed imbibition was performed on wet filter
paper in a plastic box at 28°C in darkness. Seduhyas and endosperms were collected at 0, 12, 24,

36, 48, 60 hours after imbibition (HAI).

Accelerated aging Treatment of Seeds

High temperature and high moisture conditions wesed to evaluate the vigor and storability of
mature seeds of corn and Arabidopsis (Rajjou et28l08). Theznrs seeds and their NS siblings
were sterilized in 10% (v/v) NaClO for 5 min aneéthwashed with deionized water three times. The
seeds were dried on filter paper for 6 h and theck@ged in nylon fabric. Three replications of 25
maize seeds each were then tested for germinatmra¢celerated aging; NAA) or incubated in a
hermetic dryer at 98% relative humidity (RH) (caried by saturated }¥5O, solution) at 42°C for 3

or 6 days. After this aging treatment, the seed® wlesiccated at room temperature for 24 h. Seed
germination was performed on wet filter paper iplastic box at 28°C in darkness. The number of

seeds completing germination were counted every 42d the shoot/root length was measured after

23



620

621
622
623
624
625
626
627
628

629
630
631
632
633
634
635
636
637
638
639
640

641
642
643
644
645
646

imbibition for 120 h.

Three replications of 50 Arabidopsis seeds eacle wested for seed germination (no accelerated
aging; NAA) or placed in a hermetic dryer at 83-8BH (controlling by saturated KCI solution) at
42°C for 3 days. After such aging treatment, seesle desiccated at room temperature for 24 h. An
aliquot of these seeds were tested for viabilige(Betrazolium Assay of the Arabidopsis Seed
Viability). Other seeds were surface-sterilized with 70%) (gthanol for 30 s, followed by washing
with 2.6% (v/v) NaCIlO containing 0.03% (v/v) Twegf-for 5 min, and then 3 replications of 50
seeds each were sown on GM plates for germinati@@%C. Germination was determined every 12

h.

RNA Extraction, RT-PCR, and Real Time RT-PCR

Total RNA was extracted from embryos, endospernts ather tissues of maize using a published
protocol (Jaakola et al., 2001). TRIzol Reagenkéfa, Japan) was used for extraction of RNA from
Arabidopsis leaves. The Total RNAs were digesteth \iNase!. The RNA concentrations were
determined by a Nanodrop 200 spectrophotometer.cCDdA was obtained using the Transcriptor
1°' Strand cDNA Synthesis kit (Roche, Switzerland) @hedn diluted 50 fold for RT-PCR and
RT-gPCR template. Real-time RT-PCR was performéagusast Start Essential DNA Green master
Mix (Roche, Switzerland) in a CFX96 Touthsystem (Bio-Rad, USA). The expression of tested
genes was normalized to that of constitutively egped genes such AETIN2 in Arabidopsis and
GAPDH in maize. The experiments were repeated at léase ttimes with independent biological
samples. The RT-PCR and real time RT-PCR reactiaa performed with the primers listed in

Supplemental Table 2.

Western Blot Analysis of ZmRS and AtSTS Protein Expression

Polyclonal antibody against RS or STS was generatedhmunized rabbits. ZmRS/AtSTS-His6
fusion protein expressed i coli Rosetta gami 2 (DE3) cells was purified using kcteodialysis
method. Crude extract were separated by SDS-PAR, the recombinant protein strips was cut off
and soaked in Tris-Glycine buffer (25 mM Tris pH.8,2250 mM glycine and 0.5% w/v SDS) in

dialysis bags (8 kD-14 kD, Solarbio, China). Thehitgs were immunized every 14 days on four
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different occasions. For the first immunizatiore thil (v/v) mixture of Freund’'s complete adjuvant
(Sigma, USA) and purified protein (150g) was used to inject the rabbit. For the following
immunizations, an equal volume mixture of Freunmoisomplete adjuvant (Sigma, USA) and
purified protein were used to inject the rabbitrUse was extracted two weeks following the final

boost. The polyclonal antibody for ZmGAPDH was fwased from CWBIO (China).

Western blot analysis of ZmRS protein expressiomaize leaves, seed embryos, and ZmRS/AtSTS
protein expression in transgenic Arabidopsis leavas performed following a published protocol

(Gu et al., 2016). Protein detection used a Wedteght™ ECL Kit (Advansta, USA).

Soluble carbohydrate Extraction, Analysis of Total Soluble Sugar, HPLC-ELSD Analysis of
Sugar Components, LC-M SM S Validation of Verbascose Presence

Soluble sugar extraction followed a published protowith minor revision (Zhao et al., 2004).
Maize tissues (0.5 g for leaves or endospermsgddr embryos) were grounded into powder in
liquid nitrogen. Five aliquots of 1 mL of 80% (v/€thanol containing 20Qg- mL* lactose was
added and homogenized to a slurry. Another 2 mB@%bo ethanol was used to wash the mortar.
Arabidopsis seeds (0.2 g) were grounded in liquidogen. Then 3 mL of 80% (v/v) ethanol
containing 200ug-mL* lactose was added and homogenized to a slurrythenat mL of 80%
ethanol was used to wash the mortar. The suspensiene heated at 80for 30 min, then
centrifuged at 16,000xg to collect the supernatartie tubes containing sugar extracts were opened
and incubated in a water bath at 96ntil the ethanol was evaporated. The remainirggusgolution
(about 50QuL) was diluted with 5-fold volumes of water and pyolized to dryness under a vacuum.
The dry powder was reconstituted in 1 mL doubldilthd water and stored at -80 A Waters
X-bridge amide column (Waters, USA) was washed leyhanol : HO (90:10) as the mobile phase
at speed of 0.5 mL-mihfor separation of soluble sugar components. Ampenative light-scattering
detector (ELSD, Waters 2424) was applied to mortitersugar signal.

An Arabidopsis mature, dehydrated seed sugar éxdrata standard solution containing verbascose
were analyzed (in that order to avoid residual &sdose contamination i.e. “Ghost peaks”) by

hydrophilic interaction chromatography (HILIC) onVdaters Acquity UPLC coupled to a Waters
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Synapt G2 (g-ToF) mass spectrometer. Chromatogragdparation was obtained using a Waters
BEH Amide UPLC column (1.7um, 2.1mm x 150mm; 30°T)e mobile phase employed a mixture
of water (Fisher Optima) containing 0.1% formicda¢solvent A; Fisher) and acetonitrile (Fisher
Optima) containing 0.1% formic acid (solvent Blainear gradient from 80% B to 50% B at a flow
rate of 0.35mLemiif. The high resolution mass spectrometer was opkratenegative ion
electrospray mode with a resolving power of ~14,a800 scanned from 100 to 1000 Da in 0.3 s.

Leucine enkephalin was used to provide a lock rirags 554.2615).

Tetrazolium Assay of the Arabidopsis Seed Viability

Tetrazolium assay was performed following a pulddiprotocol with modification (Salvi et al.,
2016). Seeds treated with or without artificialragiwere initially sterilized with 10% hypochlorous
acid (containing 0.03% Tween-20) for 5 mins andtivashed by sterilized distilled water five times.
The seeds were then incubated in 1% tetrazoliumtisal (50 mM phosphate buffer, pH-7.0) in
darkness at 30 for 48 h. Seeds were washed by sterilized didtiater three times after staining
and then were immersed in clearing agent (mix daatid: phenol: glycerine: water in a ratio of
1:1:2:1) for 4 h to remove the seed coat pigmeferd viability was determined by the staining
intensity of red 2, 3, 5 triphenyl formazan whichsagenerated from the reduction of the tetrazolium

by dehydrogenases in the live cells.

Statistical Analysis

When experiments had equal numbers of replicatawnanalysis of variance was used to determine
statistically significant deviations among averagadues. Otherwise (e.g. coleoptile lengths from
seedlings after seed AA when different numberseasds complete germination) a general linear
model was used. In either case, if the test wasfgignt (@=0.05) Tukey’s multiple comparison test
was used to identify significantly deviating meahke Pearson correlation analysis was conducted
with the averaged absolute amount of each indivisugar (1g- mg* DW) and the seed AA tolerance
(relative to WT) (n=18). The resultant Pearson @ation coefficient was analyzed using two tailed
method (IBM SPSS Statistics 19). The dualisticdineegression analysis was performed with IBM
SPSS Statistics 19. The data were graphed usimga®Bipt 10.
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ACCESSION NUMBERS

Sequence data from this article can be found inBaek under the following accession numbers:
ZmRS BT063253,ZmGOLS2: AF497509,AtRS5: NM_123403,AtSTS NM_116428, AtACTINZ2:
NM_112764 andmGAPDH: XM_008679567.

Accession numbers for sequences used to constractrée in Figure 1A are as follows: CsSRS
(Cucumis sativus; E15707); AtRS5 Arabidopsis thaliana; NP_198855); PsRSP{sum sativum;
CAD20127); OsRS (@ryza sativa; XP_015621501); PsST®iéum sativum; CAC38094); VaSTS
(Vigna angularis; CAB64363); AmMSTSAlonsoa meridionalis; CAD31704); SaSTSXachys affinis;
CACB86963); AtSTS Arabidopsis thaliana; NP_192106); AtSIP1 Arabidopsis thaliana;
NP_175970); LeAGALl l{ycopersicon esculentum; AAN32954); CmAGAl Cucumis melo;
AAM75139); ZMAGAS3 Zea mays, AAQO07253); OsAGAL Qryza sativa; XP_483143); ZmAGA1
(Zea mays, AAQO7251); OsSIP1@ryza sativa; XP_477103); HvSIP1Hordeum vulgare; Q40077);
CmAGA2 (Cucumis melo; AAM75140); PaSIP1 Rersea americana,CAB77245); AtSIP2
(Arabidopsis thaliana; NP_191311); BoSIP1Bfassica oleracea; CAA55893); ZmSIP2 ea mays,
AAQO07252); AtSIP3 Arabidopsis thaliana;NP_001190347) ; SsSIP1Syfolobus solfataricus;
AAK43227); ZmRS7 Zea mays, XP_008669826); ZmRSZéa mays, ONM02661); ZmRS34ea
mays, XP_008665643); UVAGAL1WYmbelopsis vinacea; BAA33931); CaAGAL1 Coffea arabica;
Q42656); GmAGAL1 Glycine max; AAA73963); CtAGAL1 Cyamopsis tetragonoloba; P14749);
AtAGAL2 (Arabidopsis thaliana; NP_001031855); LeAGAL (Lycopersicon esculentum;
AAF04591); AtAGAL1l (Arabidopsis thaliana; NP_191190); AnAGAL1l Aspergillus niger;
CAB46229); SCAGAL1 Saccharomyces cerevisiae; P04824); HsSAGAL1 Klomo sapiens, P06280);
ZMRS5 Zea mays;, XP_008671237).

AUTHOR CONTRIBUTIONS
TL., Y.Z, D.W, Y.L, LD., B.D., J.G., and J.Wperformed research, T.L., L.D., J.G., and B.D.

analyzed the data, T.Z., B.D., and G.W. conceitedeixperiments and wrote the article.

ACKNOWLEDGEMENTS

We acknowledge Drs. Ruolin Yang, Hongchang Cui friiorthwest A&F University for useful

27



728
729
730
731
732
733
734
735

736
737

738

739
740
741
742
743
744
745
746
147
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769

discussions about the manuscript. This research fwaded by the Special fund for transgenic
research from Ministry of Agriculture in China (222X0800920B) and the NSFC (31671776) to
T.Z. We wish to thank the Maize Genetics COOP Stoekter for providing the maize mutants and
the Arabidopsis Biological Resource Center forAnabidopsis mutants. Mr. Leandro Reis, during a
summer internship sponsored by the Brazilian Sifieri¥lobility Program, identified one of the
maize Mu insertion flanks for which we are gratefiof Glen Aiken, USDA-FAPRU, University of
Kentucky, kindly provided access to the Waters $y1@2 (g-ToF) mass spectrometer. The authors

declare no conflicts of interest.

COMPETING FINANCIAL INTERESTS

We are not aware of any competing financial intesres

REFERENCES

Amiard, V., Morvan-Bertrand, A., Billard, J.P., Huault, C., Keller, F., and Prud'homme, M.P. (2003). Fructans, but not the
sucrosyl-galactosides, raffinose and loliose, are affected by drought stress in perennial ryegrass. Plant Physiol
132:2218-2229.

Antonio, C., Larson, T., Gilday, A., Graham, I., Bergstrom, E., and Thomas-Oates, J. (2008). Hydrophilic interaction
chromatography/electrospray mass spectrometry analysis of carbohydrate-related metabolites from Arabidopsis
thaliana leaf tissue. Rapid Communications in Mass Spectrometry 22:1399-1407.

Bachmann, M., and Keller, F. (1995). Metabolism of the Raffinose Family Oligosaccharides in Leaves of Ajuga-Reptans L -
Intercellular and Intracellular Compartmentation. Plant Physiol 109:991-998.

Bentsink, L., Alonso-Blanco, C., Vreugdenhil, D., Tesnier, K., Groot, S.P.C., and Koornneef, M. (2000). Genetic analysis of
seed-soluble oligosaccharides in relation to seed storability of Arabidopsis. Plant Physiol 124:1595-1604.

Bernal-Lugo, I., and Leopold, A.C. (1992). Changes in Soluble Carbohydrates during Seed Storage. Plant Physiol
98:1207-1210.

Blackman, S.A., Obendorf, R.L., and Leopold, A.C. (1992). Maturation Proteins and Sugars in Desiccation Tolerance of
Developing Soybean Seeds. Plant Physiol 100:225-230.

Blochl, A., Peterbauer, T., and Richter, A. (2007). Inhibition of raffinose oligosaccharide breakdown delays germination of
pea seeds. J Plant Physiol 164:1093-1096.

Brenac, P., Horbowicz, M., Downer, S.M., Dickerman, A.M., Smith, M.E., and Obendorf, R.L. (1997a). Raffinose
accumulation related to desiccation tolerance during maize (Zea mays L) seed development and maturation. J Plant
Physiol 150:481-488.

Brenac, P., Smith, M.E., and Obendorf, R.L. (1997b). Raffinose accumulation in maize embryos in the absence of a fully
functional Vp1 gene product. Planta 203:222-228.

Bueso, E., Munoz-Bertomeu, J., Campos, F., Brunaud, V., Martinez, L., Sayas, E., Ballester, P.,, Yenush, L., and Serrano, R.
(2014). ARABIDOPSIS THALIANA HOMEOBOX25 uncovers a role for Gibberellins in seed longevity. Plant physiology
164:999-1010.

Buitink, J., Leprince, O., Hemminga, M.A., and Hoekstra, F.A. (2000). Molecular mobility in the cytoplasm: An approach
to describe and predict lifespan of dry germplasm. P Natl Acad Sci USA 97:2385-2390.

Carmi, N., Zhang, G., Petreikov, M., Gao, Z., Eyal, Y., Granot, D., and Schaffer, A.A. (2003). Cloning and functional
expression of alkaline alpha-galactosidase from melon fruit: similarity to plant SIP proteins uncovers a novel family
of plant glycosyl hydrolases. The Plant journal : for cell and molecular biology 33:97-106.

Cheng, X., Cheng, J., Huang, X., Lai, Y., Wang, L., Du, W., Wang, Z., and Zhang, H. (2013). Dynamic quantitative trait loci
analysis of seed reserve utilization during three germination stages in rice. PLoS One 8:e80002.

28



770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826

Cho, S.M., Kang, EY., Kim, M.S., Yoo, S.J,, Im, Y.J., Kim, Y.C.,, Yang, KY., Kim, K.Y., Kim, K.S., Choi, Y.S., et al. (2010).
Jasmonate-dependent expression of a galactinol synthase gene is involved in priming of systemic fungal resistance
in Arabidopsis thaliana. Botany 88:452-461.

Clough, S.J., and Bent, A.F. (1998). Floral dip: a simplified method for Agrobacterium-mediated transformation of
Arabidopsis thaliana. Plant J 16:735-743.

Cui, H., Peng, B., Xing, Z., Xu, G., Yu, B., and Zhang, Q. (2002). Molecular dissection of seedling-vigor and associated
physiological traits in rice. Theor Appl Genet 105:745-753.

Dargahi, H., Tanya, P., and Srinives, P. (2014). Mapping of the genomic regions controlling seed storability in soybean
(Glycine max L.). J Genet 93:365-370.

de Souza Vidigal, D., Willems, L., van Arkel, J., Dekkers, B.J., Hilhorst, HW., and Bentsink, L. (2016). Galactinol as marker
for seed longevity. Plant Sci 246:112-118.

Dierking, E.C., and Bilyeu, K.D. (2008). Association of a Soybean Raffinose Synthase Gene with Low Raffinose and
Stachyose Seed Phenotype. Plant Genome-Us 1:135-145.

Dierking, E.C., and Bilyeu, K.D. (2009). Raffinose and stachyose metabolism are not required for efficient soybean seed
germination. J Plant Physiol 166:1329-1335.

Downie, B., Gurusinghe, S., Dahal, P., Thacker, R.R., Snyder, J.C., Nonogaki, H., Yim, K., Fukanaga, K., Alvarado, V., and
Bradford, K.J. (2003). Expression of a GALACTINOL SYNTHASE gene in tomato seeds is up-regulated before
maturation desiccation and again after imbibition whenever radicle protrusion is prevented. Plant Physiol
131:1347-1359.

Egert, A,, Eicher, B, Keller, F., and Peters, S. (2015). Evidence for water deficit-induced mass increases of raffinose family
oligosaccharides (RFOs) in the leaves of three Craterostigma resurrection plant species. Frontiers in physiology
6:206.

Egert, A., Keller, F., and Peters, S. (2013). Abiotic stress-induced accumulation of raffinose in Arabidopsis leaves is
mediated by a single raffinose synthase (RS5, At5g40390). Bmc Plant Biol 13.

Gangl, R., Behmuller, R., and Tenhaken, R. (2015). Molecular cloning of AtRS4, a seed specific multifunctional RFO
synthase/galactosylhydrolase in Arabidopsis thaliana. Front Plant Sci 6:789.

Gangl, R., and Tenhaken, R. (2016). Raffinose Family Oligosaccharides Act As Galactose Stores in Seeds and Are Required
for Rapid Germination of Arabidopsis in the Dark. Front Plant Sci 7:1115.

Grmanova, M., Rada, V., Sirotek, K., and Vlkova, E. (2010). Naturally occurring prebiotic oligosaccharides in poultry feed
mixtures. Folia Microbiol (Praha) 55:326-328.

Gu, L, Zhang, Y., Zhang, M., Li, T., Dirk, L.M., Downie, B., and Zhao, T. (2016). ZmGOLS2, a target of transcription factor
ZmDREB2A, offers similar protection against abiotic stress as ZmDREB2A. Plant molecular biology 90:157-170.
Gurusinghe, S., and Bradford, K.J. (2001). Galactosyl-sucrose oligosaccharides and potential longevity of primed seeds.

Seed Sci Res 11:121-133.

Han, Z., Ku, L., Zhang, Z., Zhang, J., Guo, S., Liu, H., Zhao, R., Ren, Z., Zhang, L., Su, H., et al. (2014). QTLs for seed
vigor-related traits identified in maize seeds germinated under artificial aging conditions. PLoS One 9:€92535.

Himuro, Y., Ishiyama, K., Mori, F., Gondo, T., Takahashi, F., Shinozaki, K., Kobayashi, M., and Akashi, R. (2014). Arabidopsis
galactinol synthase AtGolS2 improves drought tolerance in the monocot model Brachypodium distachyon. J Plant
Physiol 171:1127-1131.

Hincha, D.K., Zuther, E., and Heyer, A.G. (2003). The preservation of liposomes by raffinose family oligosaccharides
during drying is mediated by effects on fusion and lipid phase transitions. Biochim Biophys Acta 1612:172-177.
Horbowicz, M., and Obendorf, R.L. (1994). Seed desiccation tolerance and storability: dependence on

flatulence-producing oligosaccharides and cyclitols--review and survey. Seed Science Research 4:385-405.

Jaakola, L., Pirttila, A.M., Halonen, M., and Hohtola, A. (2001). Isolation of high quality RNA from bilberry (Vaccinium
myrtillus L.) fruit. Mol Biotechnol 19:201-203.

Janecek, S., Lanta, V., Klimesova, J.,, and Dolezal, J. (2011). Effect of abandonment and plant classification on
carbohydrate reserves of meadow plants. Plant biology 13:243-251.

Kim, H.S., Cha, E., Kim, Y., Jeon, Y.H., Olson, B.H., Byun, Y., and Park, H.D. (2016). Raffinose, a plant galactoside, inhibits
Pseudomonas aeruginosa biofilm formation via binding to LecA and decreasing cellular cyclic diguanylate levels. Sci
Rep-Uk 6.

Koster, K.L., and Leopold, A.C. (1988). Sugars and desiccation tolerance in seeds. Plant Physiol 88:829-832.

Kuo, T.M., VanMiddlesworth, J.F., and Wolf, W.J. (1988). Content of Raffinose Oligosaccharides and Sucrose in Various
Plant Seeds. J. Agric. Food Chem 36:32-36.

Lahuta, L.B., Pluskota, W.E., Stelmaszewska, J., and Szablinska, J. (2014). Dehydration induces expression of GALACTINOL
SYNTHASE and RAFFINOSE SYNTHASE in seedlings of pea (Pisum sativum L.). J Plant Physiol 171:1306-1314.

Leinen, K.M., and Labuza, T.P. (2006). Crystallization inhibition of an amorphous sucrose system using raffinose. J
Zhejiang Univ Sci B 7:85-89.

29



827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884

Li, S.H., Li, T.P., Kim, W.D., Kitaoka, M., Yoshida, S., Nakajima, M., and Kobayashi, H. (2007). Characterization of raffinose
synthase from rice (Oryza sativa L. var. Nipponbare). Biotechnol Lett 29:635-640.

Liu, L., Lai, Y., Cheng, J., Wang, L., Du, W., Wang, Z., and Zhang, H. (2014). Dynamic quantitative trait locus analysis of
seed vigor at three maturity stages in rice. PloS one 9:e115732.

Martinez-Villaluenga, C., Frias, J., and Vidal-Valverde, C. (2008). Alpha-galactosides: Antinutritional factors or functional
ingredients? Crit Rev Food Sci 48:301-316.

Nei, M., and Kumar, S. (2000). Molecular evolution and phylogenetics: Oxford University Press.

Nishizawa, A., Yabuta, Y., and Shigeoka, S. (2008). Galactinol and raffinose constitute a novel function to protect plants
from oxidative damage[Plant Physiol 147:1251-1263.

Obata, T., Witt, S, Lisec, J., Palacios-Rojas, N., Florez-Sarasa, I., Yousfi, S., Araus, J.L., Cairns, J.E., and Fernie, A.R. (2015).
Metabolite Profiles of Maize Leaves in Drought, Heat, and Combined Stress Field Trials Reveal the Relationship
between Metabolism and Grain Yield. Plant Physiol 169:2665-2683.

Obendorf, R.L. (1997). Oligosaccharides and galactosyl cyclitols in seed desiccation tolerance. Seed Sci Res 7:63-74.

Panikulangara, T.J., Eggers-Schumacher, G., Wunderlich, M., Stransky, H., and Schoffl, F. (2004). Galactinol synthasel. A
novel heat shock factor target gene responsible for heat-induced synthesis of raffinose family oligosaccharides in
arabidopsis. Plant Physiol 136:3148-3158.

Peterbauer, T., Karner, U., Mucha, J., Mach, L., Jones, D.A., Hedley, C.L., and Richter, A. (2003). Enzymatic control of the
accumulation of verbascose in pea seeds. Plant Cell Environ 26:1385-1391.

Peterbauer, T., Mach, L., Mucha, J., and Richter, A. (2002). Functional expression of a cDNA encoding pea (Pisum sativum
L.) raffinose synthase, partial purification of the enzyme from maturing seeds, and steady-state kinetic analysis of
raffinose synthesis. Planta 215:839-846.

Peterbauer, T., and Richter, A. (1998). Galactosylononitol and stachyose synthesis in seeds of adzuki bean - Purification
and characterization of stachyose synthase. Plant Physiol 117:165-172.

Peterbauer, T., and Richter, A. (2001). Biochemistry and physiology of raffinose family oligosaccharides and galactosyl
cyclitols in seeds. Seed Sci Res 11:185-197.

Peters, S., Egert, A., Stieger, B., and Keller, F. (2010). Functional Identification of Arabidopsis ATSIP2 (At3g57520) as an
Alkaline alpha-Galactosidase with a Substrate Specificity for Raffinose and an Apparent Sink-Specific Expression
Pattern. Plant Cell Physiol 51:1815-1819.

Porebski, S., Bailey, L.G., and Baum, B.R. (1997). Modification of a CTAB DNA extraction protocol for plants containing
high polysaccharide and polyphenol components. Plant Mol Biol Rep 15:8-15.

Rada, V., Nevoral, J., Trojanova, |, Tomankova, E., Smehilova, M., and Killer, J. (2008). Growth of infant faecal
bifidobacteria and clostridia on prebiotic oligosaccharides in in vitro conditions. Anaerobe 14:205-208.

Rajjou, L., Lovigny, Y., Groot, S.P., Belghazi, M., Job, C., and Job, D. (2008). Proteome-wide characterization of seed aging
in Arabidopsis: a comparison between artificial and natural aging protocols. Plant physiology 148:620-641.

Righetti, K., Vu, J.L., Pelletier, S., Vu, B.L., Glaab, E., Lalanne, D., Pasha, A., Patel, R.V., Provart, N.J., Verdier, J., et al. (2015).
Inference of Longevity-Related Genes from a Robust Coexpression Network of Seed Maturation ldentifies
Regulators Linking Seed Storability to Biotic Defense-Related Pathways. Plant Cell 27:2692-2708.

Ruan, Y.L. (2014). Sucrose metabolism: gateway to diverse carbon use and sugar signaling. Annual review of plant
biology 65:33-67.

Saitou, N., and Nei, M. (1987). The neighbor-joining method: a new method for reconstructing phylogenetic trees. Mol
Biol Evol 4:406-425.

Salvi, P, Saxena, S.C., Petla, B.P., Kamble, N.U., Kaur, H., Verma, P,, Rao, V., Ghosh, S., and Majee, M. (2016). Differentially
expressed galactinol synthase(s) in chickpea are implicated in seed vigor and longevity by limiting the age induced
ROS accumulation. Scientific reports 6:35088.

Saravitz, D.M., Pharr, D.M., and Carter, T.E. (1987). Galactinol synthase activity and soluble sugars in developing seeds of
four soybean genotypes. Plant physiology 83:185-189.

Sengupta, S., Mukherjee, S., Basak, P.,, and Majumder, A.L. (2015). Significance of galactinol and raffinose family
oligosaccharide synthesis in plants. Front Plant Sci 6:656.

Settles, A.M., Holding, D.R., Tan, B.C., Latshaw, S.P,, Liu, J., Suzuki, M., Li, L., O'Brien, B.A., Fajardo, D.S., Wroclawska, E.,
et al. (2007). Sequence-indexed mutations in maize using the UniformMu transposon-tagging population. BMC
Genomics 8:116.

Shao, J., Liu, X., Wang, R., Zhang, G., and Yu, F. (2012). The over-expression of an Arabidopsis B3 transcription factor,
ABS2/NGAL1, leads to the loss of flower petals. PLoS One 7:€49861.

Shimosaka, E., and Ozawa, K. (2015). Overexpression of cold-inducible wheat galactinol synthase confers tolerance to
chilling stress in transgenic rice. Breeding science 65:363-371.

Sui, X.L.,, Meng, F.Z., Wang, HY., Wei, Y.X,, Li, R.F., Wang, ZY., Hu, L.P, Wang, S.H., and Zhang, Z.X. (2012). Molecular
cloning, characteristics and low temperature response of raffinose synthase gene in Cucumis sativus L. J Plant
Physiol 169:1883-1891.

30



885  sun, W.Q., and Leopold, A.C. (1997). Cytoplasmic vitrification acid survival of anhydrobiotic organisms. Comp Biochem

886 Phys A 117:327-333,

887 Sun, Z.B., Qj, X.Y,, Wang, Z.L., Li, P.H., Wu, C.X., Zhang, H., and Zhao, Y.X. (2013). Overexpression of TsGOLS2, a galactinol
888 synthase, in Arabidopsis thaliana enhances tolerance to high salinity and osmotic stresses. Plant Physiol Bioch
889 69:82-89.

890 Taji, T, Ohsumi, C., luchi, S., Seki, M., Kasuga, M., Kobayashi, M., Yamaguchi-Shinozaki, K., and Shinozaki, K. (2002).
891 Important roles of drought- and cold-inducible genes for galactinol synthase in stress tolerance in Arabidopsis
892 thaliana. Plant J 29:417-426.

893 Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M., and Kumar, S. (2011). MEGAS5: molecular evolutionary
894 genetics analysis using maximum likelihood, evolutionary distance, and maximum parsimony methods. Mol Biol
895 Evol 28:2731-2739.

896 Tapernoux-Luthi, E.M., Bohm, A., and Keller, F. (2004). Cloning, functional expression, and characterization of the
897 raffinose oligosaccharide chain elongation enzyme, galactan:galactan galactosyltransferase, from common bugle
898 leaves. Plant Physiol 134:1377-1387.

899  Thompson, J.D., Higgins, D.G., and Gibson, T.J. (1994). CLUSTAL W: improving the sensitivity of progressive multiple
900 sequence alignment through sequence weighting, position-specific gap penalties and weight matrix choice. Nucleic
901 Acids Res 22:4673-4680.

902 Vandecasteele, C., Teulat-Merah, B., Morere-Le Paven, M.C., Leprince, O., Vu, B.L,, Viau, L., Ledroit, L., Pelletier, S., Payet,
903 N., Satour, P, et al. (2011). Quantitative trait loci analysis reveals a correlation between the ratio of
904 sucrose/raffinose family oligosaccharides and seed vigour in Medicago truncatula. Plant Cell Environ 34:1473-1487.
905 Wang, B., Zhang, Z., Fu, Z., Liu, Z., Hu, Y., and Tang, J. (2016). Comparative QTL analysis of maize seed artificial aging
906 between an immortalized F_2 population and its corresponding RILs. The Crop Journal 4:30-39.

907 Wendorf, J.R., Radke, C.J., and Blanch, H.W. (2004). Reduced protein adsorption at solid interfaces by sugar excipients.
908 Biotechnol Bioeng 87:565-573.

909 Williams-Carrier, R., Stiffler, N., Belcher, S., Kroeger, T., Stern, D.B., Monde, R.A,, Coalter, R., and Barkan, A. (2010). Use of
910 Illumina sequencing to identify transposon insertions underlying mutant phenotypes in high-copy Mutator lines of
911 maize. Plant J 63:167-177.

912 Xie, L., Tan, Z., Zhou, Y., Xu, R., Feng, L., Xing, Y., and Qi, X. (2014). Identification and fine mapping of quantitative trait
913 loci for seed vigor in germination and seedling establishment in rice. Journal of integrative plant biology
914 56:749-759.

915 Yang, W., Zhang, Y., Zhou, X., Zhang, W., Xu, X., Chen, R., Meng, Q., Yuan, J.,, Yang, P,, and Yao, B. (2015). Production of a
916 Highly Protease-Resistant Fungal alpha-Galactosidase in Transgenic Maize Seeds for Simplified Feed Processing.
917 Plos One 10:e0129294.

918 Zhao, TY., Corum, JW., Mullen, J., Meeley, R.B., Helentjaris, T., Martin, D., and Downie, B. (2006). An alkaline
919 alpha-galactosidase transcript is present in maize seeds and cultured embryo cells, and accumulates during stress.
920 Seed Sci Res 16:107-121.

921 Zhao, TY., Thacker, R., lii, JW.C., Snyder, J.C., Meeley, R.B., Obendorf, R.L., and Downie, B. (2004). Expression of the maize
922 GALACTINOL SYNTHASE gene family: (I) Expression of two different genes during seed development and
923 germination. Physiologia Plantarum 121:634-646.

924  zhou, M.L, Zhang, Q., Zhou, M., Sun, Z.M., Zhu, X.M., Shao, J.R., Tang, Y.X., and Wu, Y.M. (2012). Genome-wide
925 identification of genes involved in raffinose metabolism in Maize. Glycobiology 22:1775-1785.

926  Zhuo, C.L, Wang, T, Lu, SY,, Zhao, Y.Q., Li, X.G., and Guo, Z.F. (2013). A cold responsive galactinol synthase gene from
927 Medicago falcata (MfGolS1) is induced by myo-inositol and confers multiple tolerances to abiotic stresses. Physiol
928 Plantarum 149:67-78.

929 Zinsmeister, J., Lalanne, D., Terrasson, E., Chatelain, E., Vandecasteele, C., Vu, B.L., Dubois-Laurent, C., Geoffriau, E., Le
930 Signor, C., and Dalmais, M. (2016). ABI5 is a regulator of seed maturation and longevity in legumes. Plant Cell
931 28:2735-2754.

932  Zuther, E., Buchel, K., Hundertmark, M., Stitt, M., Hincha, D.K., and Heyer, A.G. (2004). The role of raffinose in the cold
933 acclimation response of Arabidopsis thaliana. Febs Lett 576:169-173.

934

935 FIGURE LEGENDS
936 Figure 1. Identification of RAFFINOSE SYNTHASE (RB)maize. (A) Evolutionary relationships

937 of RFOs synthetic- and select RFOs-hydrolytic engyritom various taxa. An asterisk (*) indicates

31



938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965

the RFOs SYNTHASES predicted by a Pfam search ghexdi by others (Zhou et al., 2012), and
correspondingsRMZM gene IDs are given. The scale bar represents (rioaanid substitutions per
site. (B-D) Characterization of the enzyme acti\igffinose [Raf] synthetic in B, galactinol [Gol]
hydrolytic in C, and Raf hydrolytic in D) of crudigsates fronE. coli expressing either empty vector
(VC) or ZmRS:Hig (recombinant maize RS) as determined by HPLC-ELSIyht scattering units
(LSU). Other sugars used or detected in the assalabreviated as follows: Suc, sucrose; Lac,

lactose;myo, myo-inositol; and Gal, galactose.

Figure 2. Raffinose and ZmRS expression were coaotly accumulated in embryos at late stage of
seed development. (AMRS mMRNA accumulation in maize seed embryos (B73 idbbiree) during
development and imbibition as detected by real tiRlePCR. The expression &ImRS was
normalized to GAPDH expression. Data are means +3&M). Different letters over the bars
indicate significant differences among means (Tigkegst). (B) ZmRS protein abundance (western
blot in top panel) in B73-inbred-line embryos dgridevelopment and imbibition. The western blot
analysis of GAPDH protein (bottom panel) with treen® extracts is used to demonstrate equal
protein loading. (C) The raffinose content in seatbryos (B73 inbred line) during development and
imbibition as detected by HPLC-ELSD. Data are meg®iEM (n=3). Different letters over the bars

indicate significant differences among means (Tiskest).

Figure 3. Mutator interrupted zmrs-1 maize mutant (W22 background) abolished raffinose
production both in leaf and seed. (A) Structur¢hef ZmRS gene andutator insertion of thezmrs-1
mutant. Exons are shown as black boxes and inastises. The 5’UTR and 3'UTR are white boxes.
The mutator insertion site and primer sites are indicat@). PCR genotyping of NS anznrs-1
mutant plants. (C) RT-PCR analysis &hRS transcript abundance in NS amars-1 plants. (D)
Western blot analysis of RS protein accumulatiap fanel) in NS andmrs-1 plants. The bottom
panel is western blot analysis of GAPDH proteimfrthe same extracts, demonstrating equal protein
loading. (E) HPLC-ELSD analysis of sugar profiles in leavesibryos and endosperms. Detected

sugars are sucrose (Sueljo-inositol (myo), raffinose (Raf), and, galactinol (Gol) and areasured
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in light scattering units (LSU).

Figure 4.Mutator interruptedzmrs-1 maize mutant (W22 background) showed lower segarithan

its null segregant (NS) control. (A) Photographsooé replicate of NS anzhrs-1 seeds/seedlings
after imbibition for 120 h without accelerated agifAA) or following AA for 3 or 6 days (AA3 or
AAG, respectively). The white bar is equivalent 3ocm. (B) Comparison of seed germination
percentages between NS amdts-1 seeds that were either left untreated or AA-tikaBeeds were
imbibed at 28°C in the dark and the completiona@ignation was monitored every 12 h from 36 h
to 120 h. There are 3 replicates for each treatraadt50 seeds for each replicate. One and two
asterisks denote significance relative to NS withemsame AA treatment (Student’s T-test) at p<0.05
and <0.01, respectively. (C) A comparison of rewigth and shoot length of seedlings generated in B.
Values are means +SEM (n values for each sampleida® above the bars) and significance
determined and denoted as in B after removing tae &f slower completion of germination which
could artificially lower thezmrs-1 mean.(D) Comparison of Suayyo, Gol and Raf contents from
embryos between NS armhrs-1 that were treated with or without AA. Values areans + SEM

(n=3). Different letters indicate significant difeaice among different groups (Tukey’s test).

Figure 5. Co-overexpression @mGOLS2 and ZmRS or overexpression oZmGOLS2 alone,
significantly enhanced seed vigor while single-ex@ression oZmRS dramatically decreased seed
vigor. (A) Representative photographs of the unggedaccelerated aging (AA) treatment) and aged
(3 d AA treatment) Arabidopsis seeds that had s¢@ned by tetrazolium. Genotypes included were
as follows: WT, wild type (Col-0); OEGFRBFP over-expressing Arabidopsis line; OEZmRZ&RS
over-expressing Arabidopsis line; OEZMGOLSZNGOLS2 over-expressing Arabidopsis line;
OEZmGOLS2/ZmRS,ZmGOLS2 and ZmRS double over-expressing Arabidopsis lines (only
homozygotes OEZmGOLS2 plants transformed wi#ImRS overexpression vector).(B)
Representative photographs of the seeds after ld&f6mbibition from different Arabidopsis lines
that were treated with or without agir(@.-D) Comparison of seed germination percentagesdsn

WT and different Arabidopsis lines that were treaggther without (C) or with (D) AA treatment.

33



994

995

996

997

998

999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013

There are 6 replicates for each treatment and tiver80 seeds for each replicate. *p<0.05, **p<0.01
relative to WT within the same aging treatment (Beittis test). (E-J) Comparison of each individual
sugar content among different unaged Arabidopsedse(A) sucrose; (E)nyo-inositol; (F)

galactinol; (G) raffinose; (I) stachyose; (J) vestase. Different letters indicate significant

differences among different lines (Tukey’s tesgliés are means £SEM; n=3.

Figure 6. The effects of total RFOs, each individsiggar, raffinose: sucrose ratio or HDP RFOs:
sucrose ratio on Arabidopsis seed vigor. (A) Congpar of total RFOs, each individual sugar and
AA tolerance among different Arabidopsis lines. Tata of figure 5 and supplemental figures 9-10
were recalculated as a percentage of the tothleo tdetected sugars. AA tolerance was calculaed a
the germination percentage at 84 hours after irtibibiand then normalized to WT. The data of
OEAtSTS4 shown in supplemental figure 10 was excluded is figure because th&tSTS was not
overexpressed in that line. Different letters ilagkcsignificance between each group (Tukey’s test).
** indicate significant difference of seed AA torce between different lines. (B) Dualistic linear
regression analysis of effects of the ratios dimase/sucrose (X1) and HDP-RFOs/sucrose (X2) on

seed vigor (Y). The results are summarized as Y=¢¥D4 270 X2 + 21 (R=0.737).

Figure 7. Simplified RFOs synthetic metabolism atsl effects on seed vigor in maize and

Arabidopsis. GOLS, GALACTINOL SYNTHASE; RS, RAFFINSE SYNTHASE; STS,
STACHYOSE SYNTHASE; VES, VERBASCOSE SYNTHASE.
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Table 1 Pearson correlation matrix of Sugar content aed #&\ tolerance of Arabidopsis

Sugar contentyg - mg' Dw) HDP-RFO/  Total AA
SUC MYO GOL RAF STA VER HDP-RFO Total RFO RAF/SUC suc RFO/SUC tolerance
sucC 1
MYO 035 1
GOL 228 321 1
RAF -356 -.047 -.839" 1
STA -090 .292 704" -7977 1
VER 021 .612° 855 -5972° 693 1
HDP-RFO  -.069 .387 .782° -794" 985 .808" 1
Total RFO -.642" 327 -530 .775 -252 -106  -.232 1
RAF/SUC -553 -088 -790° .963" -712" -568 -719 794 1
HDP-RFO/SUC -.286 .401 .693 -651" .943" 814"  .968 -.037 -553 1
Total RFO/SUC -.869" .185 -.445 .683  -171 -.092  -.162 925 798" .061 1
AA tolerance -.810° -.013 -.106 .258 .072 .003 .060 476 473 210 718 1

**ndicate significance omp<0.01 level (Two tailed), *indicate significance px0.05 level (Two tailed). SUC, sucro34YO, myo-inositol; GOL, Galactinol;

RAF, Raffinose; STA, Stachyose; VER, verbascosePHRF-O, stachyose+verbacose; Total RFO, raffinoselhgbse+verbascose.
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