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Abstract

Background: Sugarcane served as the model plant for discovery of the C4 photosynthetic pathway. Magnesium is the
central atom of chlorophyll, and thus is considered as a critical nutrient for plant development and photosynthesis. In
plants, the magnesium transporter (MGT) family is composed of a number of membrane proteins, which play crucial
roles in maintaining Mg homeostasis. However, to date there is no information available on the genomics of MGTs in
sugarcane due to the complexity of the Saccharum genome.

Results: Here, we identified 10 MGTs from the Saccharum spontaneum genome. Phylogenetic analysis of MGTs
suggested that the MGTs contained at least 5 last common ancestors before the origin of angiosperms. Gene structure
analysis suggested that MGTs family of dicotyledon may be accompanied by intron loss and pseudoexon phenomena
during evolution. The pairwise synonymous substitution rates corresponding to a divergence time ranged from 1423
to 236.6 Mya, demonstrating that the MGTs are an ancient gene family in plants. Both the phylogeny and Ks analyses
indicated that SsMGT1/SsMGT2 originated from the recent pWGD, and SsMGT7/SsMGT8 originated from the recent o
WGD. These 4 recently duplicated genes were shown low expression levels and assumed to be functionally redundant.
MGT6, MGT9 and MGT10 weredominant genes in the MGT family and werepredicted to be located inthe chloroplast. Of
the 3 dominant MGTs, SSMGT6 expression levels were found to be induced in the light period, while SSMGT9 and
SsMTG10 displayed high expression levels in the dark period. These results suggested that SsMGT6 may have a function
complementary to SSMGT9 and SsMTG10 that follows thecircadian clock for MGT in the leaf tissues of S. spontaneum.
MGT3, MGT7 and MGT10 had higher expression levels Insaccharum officinarum than in S. spontaneum, suggesting their
functional divergence after the split of S. spontaneum and S. officinarum.

Conclusions: This study of gene evolution and expression of MGTs in S. spontaneum provided basis for the
comprehensive genomic study of the entire MGT genes family in Saccharum. The results are valuable for
further functional analyses of MGT genes and utilization of the MGTs for Saccharum genetic improvement.
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Background

Magnesium (Mg) is the 8th most abundant element on
earth, the 4th most abundant element in vertebrates,
and the 2nd most abundant cation in plants. Mg’s ionic
radius is among the smallest but the hydrated radius is
so far the largest of all cations [1]. Due to its unique
chemical property, Mg plays an essential role in plant
growth and development, such as being the central atom
of the porphyrin ring of chlorophyll, enabling plants to
perform photosynthesis [2, 3], and a co-enzyme in the
form of Mg®*-ATP complexes or acts as a cofactors for
more than 300 enzymes that are involved in enzyme ac-
tivation [4—6]. Mg also alleviates plant toxicity from
aluminum (Al) and heavy metals [7], and is involved in
protein synthesis by bridging ribosome sub-units [8].
Due to its potential for leaching in highly weathered
soils and the interaction with Al [9], Mg** bind weakly
to negative charged soil colloids and root cell walls by
its unique chemical property, which leads to the easy
loss of exchangeable Mg®* from soil. As a result, the
magnesium deficiency is an issue of crucial importance
in acid soils [10]. One third of the tropics, or 1.7 billion
hectares is acid soil [11]. Consequently, the magnesium
deficiency hindered the production of tropical crop such
as sugarcane.

Since Mg is one of the essential macroelements in
plants, deficiency of Mg causes marked inhibition of
plant growth and development, including symptoms
such as leaf interveinal chlorosis, particularly in mature
leaves due to the high mobility of Mg in plants [9],
which therefore decreases photosynthesis efficiency. Mg
deficiency alsonegatively impacts carbon allocation to
sink organs [12], and inhibits plant root growth [13],
which leads to a deleterious effect on both crop product-
ivity and quality [12].

Plant Mg-uptake from soil solution is controlled by 2
predominantly processes: mass flow and diffusion. To
maintain concentration of Mg in tissues, plants have a
series of highly-efficiency transport methods for Mg up-
take, storage and translocation. The MGT family is com-
posed of several membrane proteins that maintain Mg
homeostasis to support plant growth. The main MGT
genes were originally identified from Salmonella typhi-
murium, which belongs to the CorA family of bacteria
[14]. In Salmonella typhimurium, CorA is a single copy
gene encoding a 37-kD integral membrane protein [15].
In plants, Li et al. (2001) first identified 10 MGTs in the
model plant Arabidopsisthaliana [16]. MGT families
were also identified in rice (Oryza sativa) [17] and maize
(Zea mays) [18], However, the relationships between
gene structure and gene divergence of MGTs have not
been reported in previous studies. Gene families were
originated from duplicated events including the whole
genome duplication (WGD), segment duplication and
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tandem duplication, playing key roles in organism evolu-
tionary process. The retained duplicated genes tend to
diverge in regulatory and coding regions and were ac-
complished by three main types of mechanisms, exon/
intron gain/loss, exonization/pseudoexonization, and in-
sertion/deletion [19]. In Arabidopsis, AtMGT9 was
found to play an essential role in pollen development
[20], and AtMGTI0 is essential for chloroplast develop-
ment and photosynthesis [21], whereas AtMGT6, as a
Mg uptake transporter, is required for growth under low
Mg conditions [22]. In Oryza sativa, OsMGT1 was
found to play an important role in the tolerance to Al
toxicity and salt stress [23]. In maize, ZmMGT10 is es-
sential in response to Mg deficiency, and confers low
Mg tolerance when the ZmMGTI10 gene is overex-
pressed in Arabidopsis thaliana [24].

Identifying MGTs in sugarcane and studying the regula-
tory mechanism in response to Mg stress is of particular
interest because sugarcane is a model C, crop. Indeed,
sugarcane contributes about 80% of the world sugar and
about 40% of ethanol production worldwide. Conse-
quently, the effects of Mg on sugarcane yield and quality
have been studied, and field experiments have clearly
established that yield can be significantly improved when
N and P utilization are balanced with K, S, and Mg. [25,
26]. However, these studies largely focused on phenotypic
features, physiological function and the pathology of Mg
deficiency [12, 27-29]. In addition, due to hyper-ploidy,
the modern sugarcane cultivar has one of the most
complex genomes among all the crops, being both an an-
euploid and autopolyploid with an extreme ploidy level
that can range from octoploidy (x = 8) to dodecaploidy (x
=12). The chromosome number of different species in the
genus Saccharum ranges from 36 to 170 (S. officinarum,
2n=70 to 140; S. robustum, 2n=66 to 170; S. sponta-
neum, 2n = 36 to 128) [30]. To date, our understanding of
the regulatory mechanism in response to Mg stress and
MGT in Saccharum remains very limited due to lack of
reference genome in the past.

In this study, basing on the recent sequencing S. spon-
taneum genome [31], we identified the MGTs in S. spon-
taneum (SsMGTS). Phylogenetics, comparative genomics
and gene expression patterns were used to study the
evolutionary relationship and potential function of MGT
families in Saccharum.

Results

Identification of MRS2/MGT family genes in S. spontaneum
Based on comparative genomics technology, ten mem-
bers of MRS2/MGTs were identified from the Sorghum
bicolor genome (Table 1). Using these sorghum MGTs as
a reference, 10 orthologous MGTs were identified in the
monoploidy genome database of AP85-441 [31]. Open
reading frame of the SSMRS2/MGTs were analyzed based
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Table 1 Information about the putative MGT genes in Sorghum bicolor
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Corresponding genename in sugarcane

GenelD

TranscriptlD

ProteinID

Gene location

SSMGT1
SSMGT2
SSMGT3
SsSMGT4
SSMGTS
SsMGT6
SsSMGT7
SSMGT8
SSMGT9
SsSMGT10

Sobic.006G082200
Sobic.007G185200
Sobic.003G395600
Sobic.006G137200
Sobic.010G210500
Sobic.001G095000
Sobic.001G309400
Sobic.001G512100
Sobic.001G135100
Sobic.003G395600

XM_002446449
XM_002445725
XM_002458906
XM_002446702
XM_002438717
XM_002463854
XM_002464953
XM_002465855
XM_002466617
XM_002458906

XP_002446494
XP_002445770
XP_002458951
XP_002446747
XP_002438762
XP_002463899
XP_002464998
XP_002465900
XP_002466662
XP_002458951

Chr06:45079489..45081310forward
Chr07:61831349.61833678reverse
Chr03:70601663..70609036 reverse
Chr06:49948483.49953310 forward
Chr10:55405378.55409126 reverse
Chr01:7305915..7311750 forward
Chr01:59477626.59480767 forward
Chr01:78001611..78004021 forward
Chr01:10653760..10659627 reverse
Chr03:70601663..70609036 reverse

on an online tool ORF finder [32]. The SSMRS2/MGT
proteins were 290-539 amino acid (aa) residues in
length, with an average length of 414 aa, and the corre-
sponding molecular masses ranged from 39.13 to 58.68
kDa, average molecular weight was 47.63 kDa, the com-
puted theoretical isoelectric points varied greatly, ran-
ging from 4.66(SSMGT1) to 9.29(SsMGTS5). These 10
genes were named SSMGT1-SsMGTIO0.

These sorghum MGTs were also used as reference to
search the recent published genome of Saccharum
hybridR570 [33], and 9 MGTs were identified
(Additional file 1). Noteworthy, a pair of tandem dupli-
cated genes (Sh06 p004330 and Sh06 p004340) were
found in the Saccharum hybridR570 genome, and were
likely originated from S. officinarum as the tandem
duplicated genes of MGT which were not found in S.
spontaneum (Additional file 2). These two ShMGTs
shared high (72%) sequence similarity, suggesting that
they were originated from the very recent tandem dupli-
cation event. Two orthologs of SsMGTs (SsMGTS3,
SsMGT6) were absented in the R570 genome, which
may be caused by the incomplete Saccharum genome
(Additional file 1).

A multiple protein sequence alignment was performed
to analyze the conservation of motifs in the examined
plant species (Fig. 1). Eight of theSsMGTs in sugarcane
shared a common GMN motif with Arabidopsis, Oryza
sativa and Zea mays except for SSMGT7 and SsMGTS.
SsMGT7 contained an AMN motif instead of GMN, and
SsMGTS contained an AIN motif instead of GMN, simi-
larly to OsMRS2/MGT in Oryza sativa [17]. Nine of
these SsMRS2/MGT contained the complement CorA
TM domain except for SSMGT10 [34].

Using the WoLF PSORT program, 8 of the SSMGT
proteins were predicted to be located in chloroplasts,
the remaining 2 SSMGT proteins were predicted to be
localized in the mitochondria (SsSMGT3) or plasma
membrane (SsMGT5) (Table 2), indicating that these
SsMGTs mainly play a role in the chloroplasts to

maintain Mg®® homeostasis in sugarcane. The analysis
of the TM domain revealed that 9 of the SSMGTs, ex-
cept SSMGT10, contained 9 protein TM domains near
their C-terminal ends, which were similar to the CorA/
MRS2/MGT transporters from other plant species, in-
cluding Arabidopsis, rice and maize. Significantly, both
SsMGT1 and SsMGT3 contained only onetransmem-
brane domain, and SSMGT10 have no transmembrane
domains (Additional file 3). Pairwise comparisons
among the SSMGTs showed that all these MGTs are in-
dependent, and shared protein sequence similarities that
ranged from 21 to 63% with an average of 39%, indicat-
ing theMGTs are an ancient gene family with high se-
quence divergence (Additional file 4).

Nonsynonymous to synonymous substitution ratio (Ka/
Ks) was analysed to investigate the evolutionary function
constraint in S. spontaneum, 10 pairs of orthologous
SsMGT genes between S. spontaneum and sorghum were
calculated. The results show that, except for SsSMGTS5, the
Ka/Ks ratios of other 9 genes were less than 0.5 (Fig. 2),
suggesting that purifying selection was the main force for
driving the evolution of MGT genes [35].

Phylogenetic analysis of SSMGTs and other plant MGTs

To analyze the phylogenetics of the MGT gene family, a
total 149 MGTs from 16 representative plant species and 2
species as outgroups (Chlamydomonas reinhardtiianddu-
naliella salina) were used to construct the phylogenetic
tree using the Neighbor-Joining and Maximum Likelihood
method (Fig. 3, Additional files 5, 6 and 7 ). These MGT
genes were phylogenetically divided into 5 clades (A, B, C,
D and E) based on the previously reported ZmMGTs [18]
(Additional file 7). The distribution of MGT gene numbers
of the examined species showed that the ancient WGD
did not contribute to the expansion of the MGT gene fam-
ily (Fig. 4), whereas the MGT number in each clade grad-
ually increased.Noteworthy, pineapple MGTs were divided
into the outgroup, close to the Chlamydomonas reinhard-
tii and before MGTs of Dunaliella salina, speculating that
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SSMGTL ittt MARAFTRRRHGAARAPGVEWAAVSGAGAWSVEEVRKHOLMRRTGLPARDLRALD 53

SsMGT5 SLKEYIDDTEDFINIQEDN.VRNQLIQFELLETTATFVVAIFG.......

SSMGT2 ....MATATATAPRRRHAATGAAAGEWAAVSASGEWRAEAIGKHQLVRRTGLSARDLRALD 57
SSMGT3 ce .. .MERKLLPPSVHVTRRKGARATRKWLVVQAAAAGE PRVAELGKHRIMEMTGLPTRDLRVLD 60
SSMGT4 tiiiitiiiteenii ety MGGGSGGVSIDVNGLKRRGGGRRSWVRVDAATGAAEAVEVAKPALMRRLDLPARDERLLD 60
SsMGT5 ANSTRLPSPLDSDSTRHASARAHRRKATPTPPPNNHPPPARHGRRRGLRQAAAPPPRVPIARRVGVLARAPVRGPGMRGPPLPGGLDVPNLKKREGGTRS 117
SSMGTE ettt MAAAGAGAGTTGGGEGKKRGASRSWILLDAAGE . ERVLDADKYAIMHRVDINARDLRILD 59
SSMGT7 PPFPLQAGQRDEALLASPSAASPSATPGSAARAGQTAQPPPPLSATAGAGGAVPGKVTKKKAGARLWMRLDRWGTSEVVELDKASTIRRAGLPPRDLRILG 200
SsSMGT8 MVMLSGIGARKPPPFLSSSSSFSSLSYSKRSRAIRRLPSLPRPPVAPPAPHPAGRRRWRKAPARLWMRMDRWGRCEMFMSDRAFVAERSGVHARDLGVVG 100
SSMGTY ittt ittt MPPLRLPRLPPGLSSVRKGGLLPLPLLVPPAAVEGNDG.RAVTKEEVEEEEEEVEVEVTKEGEEBTQERG 69
BBMGT L0 ittt e e e ey MVVPASGPARVEEAGKHAVMARTGLPARDLRVLD 34
Consensus

SsMGT1 PALSYPCSIVGRDRAVVVNLERARAVITATEVLVPAPRD. PAAPLVRNLLARLAASPTPPQASEEDEAAEDGG. .. ... ALP......veuennn PSPGG 133
SSMGT2 BALSHPSSVMARDRAVVVNLERVRAVITASEVLVPGPRDPTVAPLVAELRARLTAAATSPAPPRAVSVCLCLSCLSPPETPN. . . .. .PIRLA 144
SSMGT3 BDLDSPSTILGRERAVIVNLEHVKIIVTAABALVLDSSNPLLVPFLKSLHTRLSSPDVSSTSSATDRSKETDO. ¢t vvv vt e e inneennnennn 133
SsSMGT4 BLEVYPSAILGRERAVVCNLERLRCIITADEALVLREP. ... .....0ovvnn.. .. 114
SSMGTS5 WIRVEAATASVQTLEIDKATMMRRCELPARBLRLLDPS. . . 168
SSMGT6 BPLLSYPSTILGRERAIVLN.......... LEVELRDPSDE. ..... NELRRRLAPSNATQHDGKLNLNGOQH. . . . 114
SSMGTT BVFSRSSSILAREKAMVINLEFIRVIVTAEEVELLDPLVHEVLPFVDOLRQHLPLRSLVGGNGECAPDGNGEKQ . .. 274
SSMGT8 BLLSRCPSILAREKAMVINLEFIRATIVTADEVLLLEPLAQEVIPFIDKLRRHEPLKSVEVDVG. « vt v et tieeeiiensnnenennnnnnnnnnenns 163
SSMGT9 GTG.VTKEARARGSERFAADYIPLGIREPVYEATEVRSNGRMSTKKISRRQLLKSSGLRLRDTRSVDPSLWLMN. « ot vt vvee e e SMPSL 147
SSMGT10 PLLSYPSTILGRERATIVVNLERVKALITAAEVELPNSKDPAFARFVRDLOTRVLASSSDQAAELTDMEGESSVVASPFPVPSSSKGHEVEMTKKTTAVVP 134
Consensus

SsMGT1 VGGGSGGRDGQ. . . ASARDKALPFERRALEVCLEFSCKSLEQETCTREKEAYPALDELSSNVSTLNLERVROIKSRLLA I SGRVQKVRDE LEHLLDDDVD 230
SSMGT2 LTARQGRTGASRRRAAAGGKVLPFERRALEVCLEYACKSLEHETSMEEKEAYPALDALTSRVSTLNLEAVROIKSRLVAISG. . GFIRDE LEHLLDDDAD 242
SSMGT3 .. .GKGVKVALCRAG. .NVDI PPFERKVEEVCLEHTCKCEHESETLTLEKEAYPALDELTSKVSRLKLDHVRN TRNRLEVAVSGRVOKVRDE T EHLLDDDMD 228
SSMGT4 ... RRLVDRADDLPFERTALEVALEAACSFLDSOATELEAEAYRLEDELTAKISTLNLERVRRLKSKLVALTRRVOKVRDE IEQLMDDDGD 202
SsMGT5 e ....PARTDGDELPFERRALELALEAACSFUDAQAAELEIEAYPLEDELTSKISTLNLERVRR LKSRLVALTRRVQKVRDE I EQEMDDDGD 255
SSMGT6  +vvvvvrnnnnn DVEGAEEDESPFERRALEVTLEAICSFLDARTTELETDAYPALDELTSKISSRNLDRVRKLKSGMTRLTARVOKVRDE LEQLLDDDDD 202
SsMGT7 .KGSPGGQVPCLNEATGAEHELPFERHVEEVALEVVESSEDLSVADLERHATRVEDELTKNVSTRNLERVR S LKSHETRLLARVOKVRDDRN . LLDDNED 372
SsMGT8 . .ATQVGNVDGNHTKTGAECGLPFEROVEELALEAVELSEHSSLADENRHA T FVEDELTKNVSTRNLERVRSLKSNLTSLLAGVHKVRDEVE HLLDHNEN 261
SSMGT9 LVREQAILLNLGSLRAIAMYERVEI@NYNSPGGKAFLGLLLPRLNPRNINGGEAMPFQLEVVEAALISRIORLEQRLMKIEPHVAALLEVLPNRETADVL 247
SsMGT10 EMTSSSSMPNLAIAKDGNTKVLEEERRALEVCLESACRSLEEETS TEEQEAYPALDELTSKISTLNLERVROIKSRLVAI SGRVQKVVSKFIDEERVNLL 234
Consensus

SSMGT1 MAAMHLSDKLAYQQTAD.GRSSRFG. .. ... .... . TNKEPSEFDEERDREEDEEGEGSSSEGGNGIGTSIG. FTPKIDELENLLEAYFMOADGTLNKLS 317
SSMGT2 MEAMHLSEKAAFQAASQ. . .SSRFD. .. . IGTELVEIDEEGDDDEAEREQ. ... .0 vnnnns GSMAFMPKIDELESLLEAYEVQIDGTLNKLS 316
SSMGT3 MSEMYETREKLTFQGFPETLSTVNSN. .......... KDASTDHN. .EKEEEDRDDDTETVR. ...... ESSAYVKPDVEELEMLLEAYEVOIDGTLNKLY 308
S5sMGT4 MAEMYLTEKKMRMEASMELAY....... SHNGFDSSLSAPVSPVSTHPATRRLEKEFSFARSRHSSFKSSD.SSQYNIEEEREMELEAYEVVIDYTLSKLT 294
SSMGT5 MAEMYLTEKKMRMESSVFGDQSLLG . YNSAGAAGTSVSAPVSPVSSPTESRKLEKTFSLCRSREDSTKGSDNTTTEHI QELEMLLEAYEVVIDITLNKLT 354
SsMGT6 MADLYESRELAGASSPVSGSG. vt v v vvvenennssnnens GPNWFPASPTIGSKISRASRASAATVHGNE. .. .NDVEEREMLEEAYEMOIDGTLNKLT 278
SSMGT7 MEHLYLTRRQVONQQVEALMSS . .AASNSIVPAGTGVPRLNSSFRRSMS. . ... IATSMHLDNDVEDLEMLLEAYEMOLDGIRNRIL 452
SSMGT8 MAQLHESRKOIKSPQDEALLGS. . . . SALNCNFSSKTNLDILNSVINQATG. . . IAVVAPLDDDVGDEEMELE Y ¥FMOLDGIRNRIM 341
SSMGT9 EQLRLSKQALVELGSRAGDLKQOMLID LDDPHEIRRICIMGRNCTLDRLSDNMECSVPLEKQIAEEEEEETEMLLENYHORCESCHGQAE 337
SSMGT10  SDLSMMRDELEHLLDDEMDMAEMYLTEKLTQQEIS.EASSRVEVDDPSQTEEDROVS . .. vt tunnetuntennneennneennneeenneeennnnns 290
Consensus

SsMGT1 TLREYVDDTEDYINIMEDD.KQONQLLOMGILESTATLVMSCAT .. ...ovunn.. AITGVEGMNITIPLYTASTEESSGRSPAASSALPPPSTSSP.... 400
SSMGT2 TLREYVEDTEDY INIMEDD . KONQLLOMGVVHSTATLLVTSAV. . . VVTGVEGMNIHIALFWITDFNVEFWEAVGGTVAGAATLEVVAMLYY 403
SSMGT3 HLREYVDDTEDY INIMEDE . KONQLLOMGVLETTATVVVTAGT . . v v v v v vvnn s VVVSVEGMNIHIELTKDPETDEQARIKNLNFWETTCGTVFGCLAM 395
SsMGT4 SLKEYIDDTEDFINIQEVR.IVLERFDDTFPETSEPTDPIRAAPDHRHIRGGHLRVVSGVEGMNFEVPLEFS . VPHAFEWTLAITGVCGAVVFCCFLWYFK 392

..... VVAGIEGMNFETSVFE . IENAFQWVLVITSVVGIFIFCSFLWFFK 440

SsSMGT6 L Y DN.HRNOLIQLELFESSGTVCLSLYS. . . LVAGVEGMNIPYTWNDGHGY IFKWVVLVSGLFCAFIFVSIVAYAR 350
SSMGT7 SVKDYVN....... IQLDN.QRNELIQLQLTETIVSFGIAANT. . .FIAGAFAMNIR . ALCTTSPMQPLLAICRGTSSACFVVTMLLLGYA 531
SsMGT8 MVRGYIVDTEDYINIQLDN.QRNGLIQLELIEIIVSFGISINT. . . LIAASEAINMPONGDYKKFVGGFWPFVGGTSSFCLLVIVVLLGYA 428
SSMGT9 RLLDSAREMEDSIAVNESS.RRLEVSRVELLEQVGTFCVAIGA. . . LIAGIEGMNLKSYLET. . NAWAFWATTGGIVVGAVAGFFLVYSYL 422
B2 (e o U T PP PPN 290
Consensus

T™I1

red lines, the typical conserved GMN motifs are highlighted by red boxes

Fig. 1 Multiple protein sequence alignment of the SSMGT family was performed using by DNAMAN software. The degree of similarity of 10 SSMGTs
protein sequences are displayed in different colors (100%, deep blue; 75-99%, cherry red and 50-74% colored by cyan). TM domains are marked with

T™2

horizontal gene transfer may contribute to the gene ex-
pansion of MGT in pineapple. Different from ZmMGTs
research [18], phylogenetic tree in this study showed that
the Clade D and Clade E were classed into different clus-
ter, which may be caused by integrating more MGT fam-
ilies from representative species for phylogenetic analysis.
Moreover, all 5 clades contained MGT genes from the 12
representative angiosperms plants, suggesting that MGT
genes from each of the 5 clades appeared before the emer-
gence of angiosperms. The evolution history of MGT clade
could be sorted by age in duplicated descending order:
Clade A, Clade D, Clade E, Clade B and Clade C.

Among the ten SsMGTgenes, within clade A, SSMGT9
was retained from the first round of gene duplication in
angiosperms; within clade D, SsMGT7 and SsMGT8
were originated from last common ancestral (LCA) in
the second round of gene duplication in angiosperms by
a gene duplication event which occurred after the diver-
gence of monocots and dicots; within clade E, SSMGT6
was retained from the third round of gene duplication in

angiosperms; within clade B, SsMGT4 and SsMGTS5 were
duplicated from LCA in the 4th round of gene duplica-
tion in angiosperms before the split of dicots and mono-
cots; within clade C, SSMGT1 and SsMGT2 were derived
from the pWGD events, SsMGT3 originated from the
LCA of angiosperms, SsSMGT10 was retained in mono-
cots from the gene duplication event before emergence
of angiosperms.

Exon/intron organization of the SsMGTs family and MGTs
in other plant species

In the examined plant species, the gene structure of
MGTs varied in both exon number and size. To investi-
gate the structural characteristics and evolution of the
MGT genes in different species, we analysed the gene
features and patterns of the MGTs (Fig. 3). The exon
number of MGTs ranged from 1 to 20 with an average
about 7 (Additional files 8 and 9), and 103 of the 149
MGTs have exon numbers ranging from 4 to 6. We thus
speculated that the LCA exon number of angiosperms
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Fig. 2 The non-synonymous (Ka) and synonymous (Ks) substitution ratios of the 10 pairs of orthologous MGTs genes from sorghum and
sugarcane were calculated by the easy_kaks calculate program. * and ** represent p value< 0.05 and p value< 0.01 respectively

MGT gene is between 4 and 6. Each of the subgroups divergence times among the 4 SsMGTs ranged from 52.6
had a similar exon number except for Ananas comosus. to 96.7 Mya (Table 4). Taken together, these results sug-

The exon number of SsMGTs ranged from 5 to 13, and  gest that the MGT family is an ancient gene family with
6 of SsMGTs harboured 6 exons (Additional file 8). More-  a recent gene duplication event in Gramineae.
over, the SsMGTs gene structure showed a pattern similar
to SODMGTs and ZmMGTs from the same clade, suggesting ~ Gene expression and functional analysis of MGTs in two
the conservatism of the MGT gene structure in the Pani-  Saccharum species
coideae. In clade A, MGTs genes have higher exon num-  Gene expression pattern information provides initial refer-
ber than in other clades. These genes contained 9-14  ence for evaluating their potential function in plant. In this
exons of MGTs genes, which is likely due to the exon split-  study, to understand the potential function of MGTs in Sac-
ting as their protein sizes remained consistent. In clade B,  charum species, we investigated gene expression patterns
MGTs exon number ranged from 4 to 7, The first exon  based on 4 sets of RNAseq data: 1) Different developmental
and second intron of SsMGTS5 is larger than that of stages;2) Leaf gradient; 3) Time course and 4) Hormone
SbMGTS, which indicated an expansion and exonization  treatment. The Reads Per Kilobase of exon per Million
of the second intron. In clade C, MGTs exon number (RPKM) reads of MGT6, MGT9 and MGT10 in each leaf seg-
ranged from 4 to 8, while the number of SSMGT exons ment (LF1, 6, 10, and 15) were further verified by qRT-PCR
was conserved. In clade D, MGTs exon number ranged data. The results were positively correlated with RPKM
from 3 to 6, gene structures were more conserved in  values (Additional files 11 and 12), demonstrating the reli-
monocots than in dicots, and gene expansions only ability of gene expression results based on RNA-seq analysis.
existed in the dicots. Important to note, both SsMGT7 In the SaccharumMGT families, transcription of MGT1
and 8 have one more exon than the other monocots was undetectable in all the examined tissues from Sac-
MGTs, which was likely caused by exonization. In clade E,  chaurm plants.MGT2/4/5/8 presented low expression in all
MGTs exon number ranged from 7 to 12, the exon num-  the examined tissue (Fig. 5a).MGT6, MGT9 andMGT10 had
ber of SSMGT6 was less than the other MGTs, which may  predominant expression levels among the gene families, in-
be caused by the pseudo-exonization in this gene. These  dicating that the 3 genes were the main members in the
results suggested that MGTs experienced gene structure ~ MGT families.MGT3/7/10 showed varying expression levels
reconstruction under different evolutionary dynamics in S.  in the examined tissues from the 2 Saccharum species.
spontaneum as well as in angiosperms.

Based on the pairwise synonymous substitution rates  Expression pattern of MGTs at different developmental
(Ks) in angiosperms (Table 3, Additional file 10), we esti-  stages
mated the divergence time among 5 clades of MGT fam-  To investigate gene functional divergence among the Sac-
ily. The median values of pairwise Ks ranged from 1.74  charum species, we analyzed the transcriptome profile of
to 2.89, corresponding to a divergence time ranging AMGTs among 2 Saccharum species, S. officinarum and S.
from 142.3 to 236.6 Mya, indicating that the MGTs in  spontaneum, at 3 developmental stages and in 6 different
the 5 clades are ancient and divergent. Moreover, the tissues, including the 2 leaf (leaf, leaf roll) and 3 stalks
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(mature, maturing and immature) and the root tissue of
pre-mature Saccharum (Fig. 5a, Additional file 13).
Among the 10 MGTs analyzed, 4 genes (MGT1, MGT2,
MGT4 and MGTS) displayed very low or undetectable
levels in all the examined tissues. MGT3 presented higher
expression levels in leaf and mature stem (sink tissues) at
the mature stage than the young tissues, higher in S. offici-
narum than in the S. spontaneum, and higher in the leaf
than in the stem. MGT6 was the most highly expressed
gene among the gene families and displayed a constitutive

expression pattern.Both MGT5 and MGT9 were observed
to have higher expression levels in leaf tissues including
the mature leaf and leaf roll than in the stems and root. In
leaf tissue, MGT9 expression levels were observed to de-
crease gradually during the development of the Sacchar-
umspecies, and MGT9 likely functions in the seedling
period of sugarcane development. In contrast to MGTS
and MGT9, MGTI10 was abundant in the examined tissues
and presented higher expression levels in mature stems
than in other tissues.
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species outgroup II outgroupl Clade A Clade D  Clade E Clade B Clade C total
Saccharum hybrid R570 0 0 1 2 0 2 4 9
Saccharum spontaneum 0 0 1 2 1 2 4 10
Sorghum bicolor 0 0 1 2 1 2 4 10
Zea mays 0 0 1 3 1 3 4 12
Setaria viridis 0 0 2 3 1 5 3 14
Setaria italica 0 0 2 3 1 3 3 12
s Oryza sativa 0 0 1 2 1 2 3 9
Brachypodium distachyon 0 0 1 1 1 4 3 10
Ananas comosus 0 3 0 2 3 2 4 14
@ Arabidopsis thaliana 0 0 1 2 2 3 1 9
€ Carica papaya 0 3 1 1 2 2 2 11
Vitis vinifera 0 0 1 1 2 2 1 7
Solanum lycopersicum 0 0 1 1 1 3 2 8
Amborella trichopoda 0 0 1 2 1 3 4 11
— Dunaliella salina 0 2 0 0 0 0 0 2
Chlamydomonas reinhardtii 1 0 0 0 0 0 0 1

Total 1 8 15 27 18 38 42 149

*a,B,7,¢,8,p,0,1:Whole Genome Duplication Events
Fig. 4 Phylogenetic relationships of MGTs families based on the current data for angiosperms

Expression pattern of MGT under hormone treatment

Phytohormone-mediated regulation of gene expression plays
the crucial role in plant growth and development. After sub-
jected to magnesium deficiency and magnesium toxicity
stress, abscisic acid (ABA), ethylene and other signal trans-
duction related hormone concentrations and its transporter’s
expression levels in Arabidopsis thaliana were significantly
up-regulated or down-regulated [36—38]. In this research, we
analyzed the gene expression in the leaves of seedlings of
Saccharum plants treated with ABA and GA. Gene
expression levels were altered in response to ABA or GA
treatment, especially for MGT3, MGT4, MGT9 and MGT10
(Additional file 14). Furthermore, the gene expression of dif-
ferent MGT5 varied in response to different ABA treatment
times. For instance, SoMGT3 and SoMGT9 showed a rise
sharply in leaf, whereas SsMGT4 in leave, SoMGTS,

Table 3 Divergence time among 5 clades of MGTs family in
angiosperms

Clade-Clade  Median Ks  Gene pairs used  Divergence time (Mya)
A-B 2.88637 234 236.6
A-C 249044 162 204.1
A-D 230398 270 1889
A-E 2.16215 172 1772
B-C 1.73644 412 1423
B-D 1.9539 460 160.2
B-E 2.20187 436 180.5
D 2.29602 608 188.2
CE 226799 355 185.9
D-E 247121 252 2026

SoMGT9, SsMGTI10 and SoMGTIO in stem were decreased
its expression level as the ABA treatment time was increased.
Under GA treatment, the expression of SoMGT2, SoMGT3
and SsMGT9 was induced in leaf, the transcript of SoMGT4
and SoMGTS5 wasinduced in the stem tissue. The expression
of MGT10 was suppressed in the stem tissue. The transcript
of SsMGT4 was inhibited in the leaf tissue at 48 h and 96 h,
but was induced in the stem tissues at 96 h.

Expression pattern of MGTs during the circadian rhythms
Since Mg is the central element in chlorophyll [3] and the
plantsphotosynthetic apparatus is regulated by the circadian
clock at the transcriptional level [39], we performed gene ex-
pression analysis for MGT during the diurnal cycles in the 2
Saccharum species.MGT9 and MG10 were observed to have
a peak expression in the middle of the night period in S.
spontaneum, but showed no diurnal expression in S. offici-
narum, indicating diurnal rhythms regulate these 2 MGT5 in
S. spontaneum rather than S. officinarum (Fig. 6). In con-
trast, the dominant MGT6 displayed a diurnal expression
pattern with peak levels in the middle of the day in both of
the 2 analyzed Saccharum species, suggesting MGT5S correl-
ate with diurnal rhythms in Saccahrum (Fig. 6).

Expression pattern of MGTs in different developmental
gradient of the leaf

To further understand the functional divergence for
photosynthesis, we exploited the continuous developmen-
tal gradient of the leaf transcriptome of MGTs in
maize, rice and 2 Saccharum species (Fig. 5b, Additional
file 15). Consistently, 4 genes (MGT1, MGT2, MGT4 and
MGTS8) displayed very low or undetectable expression
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Table 4 Divergence between paralogous SsMGTs pairs inS. spontaneum
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Genel Gene2 Ka Ks Ka/Ks Divergence time (Mya) P-Value (Fisher)
SSMGT1 SSMGT2 0.268 0.642 0417 526 1.56519E-11
SSMGT7 SSMGT8 0.347 1.180 0.295 96.7 6.86283E-24
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Fig. 5 a The expression pattern of MGTs based on RPKM in 2 Saccharum species. b The expression patterns of MGTs based on RPKM across leaf
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segments in 2 sugarcane species
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levels in all the examined segments of the leaf tissues (Fig.
5b). The expression of MGT3 and MTGS5 gradually in-
creased from the base to the tip of the leaf in S. offici-
narum and showed higher expression levels in S.
officinarum than in S. sponteneum, indicating gene func-
tional divergence after the split of S. spontaneum and S.
officinarum. MGT6 presented abundant expression level
in all the examined leaf segments, further supporting that
this gene is aconstitutively expressed gene in the MGT
family. MGT9’s expression was high in the translational
zone but low in the basal zone. MGT10 displayed grad-
ually increase expression from the base to the tip of the
leaf in both of the 2 analyzed Saccharum species.

SsMGT3 complements a S. typhimurium strain MM281
deficient in Mg+ uptake

To verify the SsMGTs function for magnesium transpor-
tation, we transferred the SsMGT3to Salmonellatyphi-
murium strain MM281 which is lack of Mg-transporting
systems [16, 40, 41]. The MM281 cells do not survive in
the low-Mg medium (<1 mM) at pH7.5 [42], but the
transformed MM281 could survive in N-minimal
medium containing low-Mg concentration. The result
show that SsMGT3 could recover the magnesium uptake
function in MM281 (Additional file 16). Supporting that
SsMGTs play vital role in transporting magnesium in
sugarcane.
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Discussion
Mg plays a fundamental role in plants since 15-20% of
total Mg participates in chloroplast formation in the leaf.
Due to its tendency to form octahedral complexes, Mg
also plays a predominant role as a cofactor of a series of
enzymes involved in photosynthetic carbon fixation and
metabolism, with the remaining fraction being stored in
the vacuole [43]. The CorA gene in bacteria, the MRS2/
MGT gene in Arabidopsis thaliana and Oryza sativa
participate in magnesium transport [16-18, 44]. Mg is
typically highly mobile in plants [41]. The Mg uptaken
by roots is uploaded to the xylem and transported from
the root to the young leaf via long-distance transporta-
tion through stems. Due to its high mobility, Mg is also
transported from old leaves to young leaves (i.e. trans-
port from source to sink), and in a continuous supply
cycle, as Mg is transported from the stem to the roots
[45]. Ten members of MGT gene family were identified
in Saccharum inthe monoploidy genome of AP85-441
[31]. Based on comparative genomics and gene expres-
sion patterns of the MGT families, gene evolution
andtheir potential function divergence for photosyn-
thesis wereinvestigated to further understand the mech-
anism of MGT in Saccharum.

WGD or polyploidization, gene deletion and diploidiza-
tion, are the major driving forces for the divergence and
biological diversity of angiosperms [46]. The commelinids
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originated from about 120 to 100 Mya, approaching to the
origin of monocotyledons from about 150 to 130 [47].
Three ancient WGD events (1, 0 and p) occurred before
the emergence of the Poaceae lineage. A recent study
demonstrated that the number of WGD events in
pineapple have one less ancient WGD (p) event than other
sequenced gramineous plants [48]. In this study, we
selected the MRS2/MGTs from 16 species including 14
representative plant species and 2 outgroups for phylogen-
etic analysis, providing the representative phylogenetic
position for analyzing the gene evolution. And based on
previous study about the WGD in angiosperms [48-52],
along with the phylogeny relationship of MGT genes,
MGT families in angiosperms have undergone over 4
rounds of gene duplications after the & ancient WGD
event. So, we put forward a hypothesis that the MGT is an
ancient gene family with at least 5 LCAs prior to the
emergence of angiosperms. The gene number of the 5
clades were similar among the 14 representative plant spe-
cies despite the different ancient WGD events that oc-
curred in these plant species, suggesting that gene
expansion of MGT in angiosperm was not caused by an-
cient WGD events. It is obvious that gene loss occurred
following the WGD events in the lineages of A. thaliana
and lineages of Poaceae, which were mainly due to the
gene functional redundancy of the MGT family as the
multiple LCA existed before these WGD events. The di-
vergence of 5 clades of the MGT gene family was esti-
mated using the Ks in this study (Tables 3 and 4), and the
results suggested that the MGT families in angiosperms
(about 142~237 Mya) probably occurred before ¢ WGD
in angiosperm (about 130 Mya) and after ¢ WGD in
gymnosperm (about 245 Mya) [49].

By using more representative phylogenetic position for
MGT family analysis, we were able to estimate the evolu-
tionary history of the clades in duplicated descending
order, clade A, clade D, clade E, clade B, and clade C. The
results showed that the clade D was retained from the sec-
ond gene duplication event, while clade E originated from
the third gene duplication event, which is inconsistent
with previous studies [17, 18]. However, the phylogenetic
analysis for MGT from 2 previous studies only used 3
plant species (maize, rice and Arabidopsis) or 2 plant
species (rice and Arabidopsis), making it possible that the
reduced number of plant species provided insufficient in-
formation for phylogenetic construction and discrimin-
ation of clade position in the phylogenetic tree.

Distributed in clade A, SsMGT9 was retained from the
first round of gene duplication in angiosperms. It is inter-
esting that except pineapple, all other plant species con-
tained at least 1 MGT in Clade A. The Ka/Ks of SSMGT9/
SbMGT?9 also supported SSMGT9 being under functional
constraining divergence after the split of Sorghum bicolor
and S. spontaneum. These results indicated the gene
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functional constraint of the orthologous genes.The genes
in clade A contained more exons than other clades
(Additional file 8). According to phylogeny relationship,
Clade A belong to the older group of the MGT families.
For this reason, the MGTs in clade A were speculated to
have more events for introns gain/loss according to
‘introns-early’ theory during the lengthy evolutionary
process [53, 54].Consequently, we assumed that the evolu-
tion of gene structures of MGTs in clade A were mainly
derived by the spitted of exon [55].In Saccharum, MTG9
was one of the MGTs with highest expression levels in
functional photosynthesis region, the maturing zone of
leaf (Fig. 5b) and had peak expression in the middle of the
night period in S. spontaneum but showed no diurnal ex-
pression pattern in S. officinarum. Moreover, the expres-
sion of SOMGT9 rise sharply in leaf and decrease in stem
at ABA treatment. Under GA treatment, SSMGT9 was
induced in leaf, while SoMGT9 show an unstable change
in leaf. Suggesting that MGT9 may involve in the crosstalk
of the gene network in response to the two hormones
(Additional file 14). SSMGT9 was predicted to be located
in chloroplast (Table 2), and its closest orthologous gene
from both Arabidopsis (ATMGT10, At5G22830) [56] and
rice (OsMRS2-6, Os03t0684400) [17] in clade A were
found to be located in chloroplast. Moreover, OsMRS2-6
possessed the Mg>* transport ability to transport Mg into
the chloroplast matrix during the day as a chloroplast de-
vice [17]. Therefore, we deduced that MGT9 plays a role
as a MGT for chlorophyll formation for photosynthesis
and has functional divergence between S. spontaneum and
S. officianrum (Fig. 7).

In clade B, SsSMGT5 was assumed to be retained from
0 WGD as Aco008214.1 distributed the outgroup of sub-
group of Poaceae. In Saccahrum, MGT4 and MGTS
were lowly expressed in the examined tissues and MGT5
had higher expression levels than MGT4 However, in
sorghum, SbMGT4 and SbMGTS5 were highly expressed
in the 2 reproductive parts of the pistil and anther, re-
spectively (Additional file 17) [57]. Thus, we can specu-
late that MGT4 and MGT5 in sugarcane, as the close
relative of sorghum, may not participate in vegetative
growth but instead participates in the development of
sugarcane reproductive organs. Further experiments
would be necessary for testing this hypothesis.

In clade C, SsMGT1 and SsMGT?2 were assumed to be
derived from the pWGD events based on the reference
phylogenetic position of Aco003216.1, SsSMGT3 originated
from the LCA of angiosperms, SsMGT10 retained in
monocots from the gene duplication event before
emergence of angiosperms. Therefore, the evolution
history of these 4 MGTs could be sorted by age in
duplicated descending order: SsMGTI10, SsMGT3,
SSMGT1/ SsMGT2.MGT1 was undetectable in all
examined tissues of Sacchaurm, which is similar to the
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stems (sink tissues) at the mature stage than that in the young tissues, in S.officinarum than in the S. spontaneum, and in leaf than in the
stem. OsMGT1/0OsMRS2-2 astheclosest orthologous genes of SoMGT3 specifically response to aluminum stress and salt stress at the root
[58], indicating that SOMGT3 is likely to be involved in magnesium homeostasis in mature stems and leaf tissues during the light period
in S. officinarum, but plays a limited role in S. spontaneum. Mg" is inserted into protoporphyrin IX via the magnesium-chelatase enzyme
[2]. MGT6 was the most highly expressed gene among the gene families and displayed a constitutive expression pattern. It was induced
by light with an expressional peak at noon. In pre-mature plants, MGT6 was highly expressed in the leaf and lowly expressed in roots.
Magnesium concentrations of the chloroplast matrix in the light period were higher than in the dark period [90]. These results suggested
that MTG6 is the dominant MGT for the maintenance of magnesium concentration in chloroplast during the light period in Saccharum.
MGT5 and MGT9 had higher expression level in leaf than in the stems and root. In leaf, expressional level of MGT9 was gradient decrease
from the base to the tip of leaf in the Saccharum, suggesting that MGT5 and MGT9 possibly played roles in leaf of sugarcane, and MGT9
probably functioned in the seeding stage of sugarcane. While MGTT10 was abundant in the examined tissues and presented higher
expression levels in root and mature stem than in other tissues, suggesting that MGT10 probably played a complementary role in magnesium transport in
leave tissues in the light and dark period in S. spontaneum. It also may be responsible for the long-distance transport of magnesium from source (root) to

sink (leaf)

SbMGTI1 expression pattern in Sorghum bicolor
(Additional file 17) [57], and MGT2 had low expression
levels in all the detected tissues of Saccharum. These
results may be caused by gene function redundancy be-
cause of the recent pWGD. MGT3 had higher expres-
sion levels in S. officnarum than in S. spontaneum, and
was abundant in the mature zone of leaf tissues, in ma-
ture stems, and probably was induced by light (Figs. 5b
and 6). In rice, the closest orthologous genes of
SsMGT3 is OsMGT1/0OsMRS2-2 (0s01t0869200) which
provides a specific response to Al stress and salt stress
in the root [58]. MGT3 is likely involved in Mg homeo-
stasis in mature stems and in the leaves during the light
period in S. officinarum but possibly plays a limited role
in S. spontaneum. MGTI0 was one of the most abun-
dant genes, and its expression was repressed during the

light period (Figs. 6 and 7, Additional file 18). These re-
sults led us to hypothesize MGT1I0 is the predominant
MGT for maintaining the Mg concentration in chloro-
phyll during the night period in Saccharum. It is inter-
esting that the gene expression correlates with the
evolutionary history of the 4 MGTs in Saccharum, as
demonstrated by the results that rank the expression
levels as SSMGT10 > SsSMGT3 > SsSMGT1/SsMGT2.

In clade D, SSMGT7 and SsMGT8 originated from the
LCA of the second-round gene duplication in angiosperms
by a recent gene duplication event which occurred after the
divergence of monocots and dicots. Comparing with other
species in the clade, SSMGT7 and SsMGT8 have 1 and 2
more exons, and the two gene sizes were larger than those
of other MGTs in monocotyledon plants. Their structure
may be underwent exon/pseudoexon in recent replication
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events [19], while the intron structure may be generated
from the Intron transposition/ transposon insertion/tan-
dem genomic duplication/ Intron transfer or self-splicing
type II intron, so we analyzed these two MGTs exon distri-
bution basing on CDS sequence (Additional file 19), the
exon 1 in MGT7 was likely originated from exonization
event after the spilt of sorghum and Saccharum, similarly,
the exon 5 and exon 6 in MGT8 were indicated to be
caused by exonization event after the spilt of sorghum and
Saccharum. These exonization were predicted to located in
the non-conserved regions of the MGTs, thus may not have
strong effect on the functional divergence. MGT7 presented
higher expression levels than MGT8 in the examined tis-
sues of Saccharum and have higher expression level in the
high sucrose S. officinarum than in S. spontaneum (Fig. 5).
In Arabidopsis, the closest orthologous gene, AtMG-
T6(AT3G58970), was found to be sensitive to Mg deficiency
since the gene was strongly induced by Mg”* deficiency in
cortex and epidermal cells, including root hairs [22]. Thus,
MGT7 was assumed to have functional divergence between
the 2 Saccharum species and may give rise to the response
to Mg deficiency in sugarcane.

In clade E, SsMGT6 was the single gene retained from
the common third round of gene duplication event of
the MGT families (Fig. 4). MGT6 was the most abundant
gene among the MGT families and was induced by light
with the expression peak at the noon (Fig. 6), suggesting
that MTG6 was the dominant MGT to maintain the Mg
concentration in chlorophyll during the light period in
Saccharum. In Spinacia oleracea. L., Mg concentration
in stroma was observed to be markedly higher in the
light period than in the dark period [59]. It is possible
that MGT6 plays a role in the transport of Mg ions to
the stroma in the chloroplast matrix during daylight. Of
note, the 3 dominant MGTs, MGT6, MGT9 and MTGI10
may have a complementary function for the transport of
Mg in the leaf tissue in the light and dark period in S.
spontaneum (Fig. 7).

Conclusions

In this research, we identified ten SsMGTs in the mono-
ploid genome of Saccharum spontaneum. The Ks analysis
suggested that SsMGT family is an ancient gene family with
recent gene duplication events in Poaceae. Based on the
phylogenetic analysis, MGT genes were predicted to contain
at least 5 LCAs before the origin of angiosperms. SSMGT1/
SsMGT2 were observed tooriginate from the recent
pWGD, while SSMGT7/SsMGT8 were duplicated after the
split of dicots and monocots. The truncation of MGTI0
was caused by the pre-mature stop coding. The exon 1 in
MGT7 and the exon 5 and exon 6 in MGT8 were likely
originated from exonization event after the spilt of sorghum
and Saccharum. These 4 genes were observed to have low
expression levels in Saccharum, indicating potential
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functional redundancy caused by the recent duplication of
MGTs. Three MGTs, MGT6, MGT9 and MGT10, weredo-
minantly expressed among the MGT families in the tissues
of Saccharum. MGT6’s gene expression was induced in the
light period in S. spontaneum and S. officinarum, while,
MGT9 and MTGIO displayed higher expression levels in
the dark period in S. spontaneum, suggesting that MGT6
may have a function to complementary MGT9 and MTG10
which is regulated by the circadian clock for MGT in the
leaf tissues in S. spontaneum. The remaining 3 MGTS,
MGT3, MGTS and MGT7, had higher expression levels in
S. officinarum than in S. spontaneum, suggesting their
functional divergence after the split of S. spontaneum and
S. officinarum. To further understand the function of
MGTs in Saccharum, experiments such as targeted gene
regulation network based on gene expressional profiles,
gene over-expression, enzyme activity, and gene knock
out technology like CRISPR-Cas9 system, would be neces-
sary. Our study provides the foundation work for the fu-
ture study of the MGT gene family to characterize the
physiological role and molecular mechanisms leading to
photosynthesis in sugarcane. The functional complemen-
tarity experiment result inSalmonella typhimurium strain
MM281 suggested that the function of SsMGTs issimilar
with that of OSMRS2/MGTs and ZmMGTs, namely trans-
porting magnesium in sugarcane.

Methods

Plant materials

Two founding Saccharum species, S. spontaneum SES208
(Ss, 2n=8x =64, originated in USA) and S. officinarum
LAPurple (So, 2n = 8x = 80, originated in USA), were used
for the gene expression pattern analysis [60]. The plant
material was identified by Irvine JE [61], and These Sac-
charum species were planted in the campus of Fujian
Agricultural and Forestry University (Fuzhou, China).

For expression pattern analysis at different develop-
mental stages, samples were collected from 12-month
old plants (mature plants) and 9-month old plants
(pre-mature plants) for leaf roll, leaf (full expansion
leaf), top immature internode (i.e. internode number
3), premature internode (i.e. internode number 9 for
‘LA Purple’ due to short internode, and internode
number 6 for SES208 due to long internode) and ma-
ture internode (i.e. internode number 15 for ‘LA Pur-
ple’ and internode number 9 for SES208 due to long
internode — most SES208 plants have about 12 inter-
nodes). The internodes were numbered from top to
bottom according to the protocol for sugarcane estab-
lished by Moore [62]. Stem and leaf tissues from
seedlings of these 2 species were collected 35 days
after planting [63, 64].

Leaves from the mature plants of LAPurple and SES208
were collected to investigate the gene expression under
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circadian rhythms. In this experiment, from 6am. on
March, 22,017 to 4a.m. on March 3, 2017, samples were
collected at 12 time points (6 a.m., 8 a.m., 10 a.m., noon, 2
pm., 4pm., 6p.m., 8p.m., 10p.m., midnight, 2am., 4
a.m.) for RNA isolation. In addition, 7 time points (at 4 h
intervals) were collected for a second round of circadian
rhythms. The sunset time on 2nd March 2017 was 6 p.m.
in Fuzhou. The method was previously described [48, 65].

Similarly, both LAPurple and SES208 were used for
the developmental gradient of the leaf experiment. 2
Saccharum species plants were grown under the follow-
ing conditions: light intensity of 350 pmol/m2/sec, 14:10
/D, 30°CL/22°C D and 60% relative humidity. Tissues
were collected from 11-day-old second leaves of the Sac-
charum plants, and 15-day-old second leaves of LApur-
ple after planting 3 h into the light period. These leaves
were cut into 15 1-cm segments. Samples were pooled
from an average of 4 plants per biological replicate and
3 biological replicates in total were prepared. The tissues
collection approach followed for this experiment was
previously described [65, 66].

The plants for hormone treatment were grown in a
growth chamber at 30°C, 70% RH, and a 14h:10h L:D
photoperiod. Seedlings were treated with GA (200 uM),
ABA (200 uM) for 24, 48, and 96 h. Stem and leaf tissues
from the seedlings of the two-sugarcane species were
collected from 35-day-old plants [63].

Collected tissues were frozen immediately using liquid
nitrogen and stored at —80°C prior to RNA isolation.
The RNA-seq method that was used in this study are
followed by our previous work [63, 64].

Database search for the MGTs gene family

Ten and 9 MRS2/MGT proteins were obtained from the
TAIR [67] and TIGR [68] databases, respectively [16—18].
Putative members of the MRS2/MGT gene family in the
sorghum genome were identified using the BLASTP pro-
gram from the Phytozome V12.1 [69], with Arabidopsis
and rice MRS2/MGT protein sequences as queries. Se-
quences with e-values < 10™ ** were selected as the prelim-
inary MRS/MGT candidates. Subsequently, we used
SbMGTs as query sequences to BLAST search the MGT
from representative monoploidy genome S. spontaneum
genome [31].

Sequence analysis and phylogenetic tree

The CDS sequences of the MGT genes were translated
into protein sequences by the ExPASy Translate tool
[70]. The putatively conserved domains of MGT pro-
teins were detected using BLASTp [71] and InterPro
[72]. The isoelectric point and relative molecular mass
of the proteins were predicted using ExPASy Compute
pI/Mw tool [73]. The exon-intron structures for the
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MGT genes were drawn using the TBtools [74], the
transmembrane domain of the MGTs were predicted by
TMHHM [75], and the subcellular location predicted by
WOLF PSORT [76].

The amino acid sequences of MRS2/MGT gene family
members in 9 monocotyledons (Zea mays, Sorghumbicolor,
Oryzasativa, Brachypodiumdistachyon, Ananas comosus,
Setaria viridis, Setaria italica, Saccharum cultivar R570 and
S. spontaneum), 5 dicotyledons (Arabidopsisthaliana, Carica
papaya, Amborellatrichopoda, Solanumlycopersicum and
Vitisvinifera) and 2 Chlorophyta species (Dunaliella salina
and Chlamydomonas reinhardtii) were identified by search-
ing public databases available from various resources.

The evolutionary history was inferred using the Neighbor
-Joining(NJ) method [77]. The percentage of replicate trees
in which the associated taxa clustered together in the boot-
strap test (1000 replicates) are shown next to the branches
[78]. The evolutionary distances were computed using the
Poisson correction method [79] and were in the units of
the number of amino acid substitutions per site. The
analysis involved 149 amino acid sequences [80]. The
Maximum Likelihood (ML) tree was also constructed by
MEGA7, with 100 nonparametric bootstrap replicates. The
percentage of trees in which the associated taxa clustered
together is shown next to the branches. Initial tree(s) for
the heuristic search were obtained automatically by apply-
ing Neighbor-Join and BioN] algorithms to a matrix of pair-
wise distances estimated using a JTT model, and then the
topology with superior log likelihood value was selected.

The non-synonymous (Ka) and synonymous (Ks) substi-
tution ratios of the 10 pairs of orthologous genes from
sorghum and sugarcane were calculated by the easy_kaks
calculation program [81]. Meanwhile, Fisher’s exact test
for small samples was applied to verify the validity of Ka
and Ks calculated by this method [82]. The divergence
time (T) was calculated by T =Ks/ (2x 6.1 x 10" %) x 10™°
Mya [83].

Analysis of the expression profile of MGTs in Saccharum
based on RNA-seq
Five pg total RNA of each sample was used for the con-
struction of cDNA libraries. The ¢cDNA libraries were
prepared using Illumina® TruSeq™ RNA Sample Prepar-
ation Kit (RS-122-2001(2), Illumina) according to the
manufacturer’s protocol. The RNA-seq libraries were
pooled and sequenced with 100 single reads on Illumina
HiSeq2500 at the Center for Genomics and Biotechnol-
ogy at the Fujian Agriculture and Forestry University.
Raw data was aligned to reference gene models using
TRINITY [84]. Trinity combines 3 independent software
modules: Inchworm, Chrysalis, and Butterfly, applied se-
quentially to process large volumes of RNA-seq reads.
Trinity partitions the sequence data into many individual
de Bruijn graphs, each representing the transcriptional
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complexity at a given gene or locus, and then processes
each graph independently to extract full-length splicing
isoforms and to tease apart transcripts derived from par-
alogous genes. There is 59.84% overall alignment rate in
this study.

Sub-cellular localization analysis

GATEWAY technology (Invitrogen) was used in this
study, a translational fusion between each isolated gene
and GFP was designed. The attB recombination sites:
5- GGGGACAAGTTTGTACAAAAAAGCAGGCTTG
(for the forward primer) and 5'- GGGGACCACTTTGT
ACAAGAAAGCTGGGTG (for the reverse primer),
PCR products were used in a BP clonase reaction for re-
combination into the p207-DONOR vector. Positive
clones were then used in an LR clonase reaction for re-
combination into the pMDC84 destination vector, which
contains two copies of the 35S promoter [85]. A. tumefa-
ciens was transformed with the expression vectors and
then agroinfiltrated in Nicotiana tabacum cv. Petite
Havana (SR1) leaves. Middle leavesfrom seven-week-old
plants were infiltrated with an A. tumefaciens culture
grown for 2 days at 28 °C, the leaf was used to localize
GFP fluorescence by a confocal microscope (Leica TCS
SP8X DLS).

Validation of RPKM values for MGT genes using RT-qPCR
RNA (<1 pg) from each sample was reverse-transcribed
to ¢cDNA using the Reverse Transcriptase Kit (Takara,
Code, RR047A) in a 20 ml reaction volume with 1 ml of
random primers and 1ml of mixed poly-dT primers
(18-23 nt). The cDNA was diluted 1:19 in water for fur-
ther RT-qPCR experiments. Specific primers (S1) were
designed by Integrated DNA technologies [86]. The
TransStart Tip Green RT-qPCR SuperMix kit was used
for RT-qPCR, and the reaction cycle was: 95 °C for 30s,
40 cycles of 95 °C for 5, and 60 °C for 30s, and 95°C for
10s. The consistency of the melting curve demonstrated
the reliability of RT-qPCR results. In order to normalize
the expression levels, 2 constitutively expressed genes,
glyceraldehyde-3-phosphate dehydrogenase gene (GAPDH)
and the eukaryotic elongation factor 1a (eEF-1a) were used
as reference genes, each sample had 3 biological replicates
and 4 technical replicates. The relative expression levels for
each MGT gene in different tissues of 2 sugarcane species
were calculated using the 2°A8Ct method [87].
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