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Abstract: Genome-editing has enabled rapid improvement for staple food crops, such as potato, a
key beneficiary of the technology. In potato, starch contained within tubers represents the primary
product for use in food and non-food industries. Starch granules are produced in the plastids of
tubers with plastid size correlated with the size of starch grana. The division of plastids is controlled
by proteins, including the tubulin-like GTPase FtsZ1. The altered expression of FtsZ1 has been shown
to disrupt plastid division, leading to the production of “macro-plastid”-containing plants. These
macro-chloroplast plants are characterized by cells containing fewer and enlarged plastids. In this
work, we utilize CRISPR/Cas9 to generate FtsZ1 edited potato lines to demonstrate that genome-
editing can be used to increase the size of starch granules in tubers. Altered plastid morphology was
comparable to the overexpression of FtsZ1 in previous work in potato and other crops. Several lines
were generated with up to a 1.98-fold increase in starch granule size that was otherwise phenotypically
indistinguishable from wild-type plants. Further, starch paste from one of the most promising lines
showed a 2.07-fold increase in final viscosity. The advantages of enlarged starch granules and the
potential of CRISPR/Cas9-based technologies for food crop improvement are further discussed.
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1. Introduction

Potato (Solanum tuberosum) is the most consumed non-grain food world-wide and
has an important position in maintaining global food security for a rapidly expanding
population [1-3]. Starch is the predominant storage carbohydrate in potato tubers and is
utilized in both food and non-food applications [4-7]. Potato is one of the top sources of
industrial starch, and thus the modification of the starch content and composition in potato
would significantly impact a variety of industries [8-10]. In 2011, the first sequenced potato
genome was publicly released, providing key information to enable CRISPR /Cas9 mediated
genome-editing for crop improvement [11,12]. CRISPR/Cas9 has demonstrated numer-
ous successes in potato, including increasing amylopectin content, eliminating steroidal
glycoalkaloids, and overcoming self-incompatibility [13-17]. Despite the potential of gene
editing for agricultural advancements, there is still public concern regarding the safety of
genetically modified crops. To address this concern, non-transgenic gene edited potato
lines have been engineered through the transient expression of CRISPR/Cas9 [18-20]. The
expression of CRISPR/Cas9 through plasmid, mRNA, or ribonucleoprotein in protoplasts
can allow for gene editing without foreign DNA integration. Engineered potato lines have
been successfully regenerated from these genome-edited protoplasts, proving the potential
for this pathway for the production of commercial varieties.
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The starch produced in the amyloplasts is the most prominent constituent of pota-
toes [21,22]. Individual amyloplasts in potatoes typically house a single starch granule [23].
Starch comprises amylose and amylopectin stored in the semi-crystalline granules of vari-
ous sizes. Potato granules tend to be larger than those of cereal starches and granule size is a
key parameter for industrial processing. Because of the wide variety of starch applications,
there is a desire for granules of differing properties, including increased size [24-28]. Some
applications, such as noodle production, favor small granules, though larger granules may
increase yield during processing [29,30]. Additionally, it has been shown in sweet potato
that smaller starch granules degrade faster than large granules and large granule tubers
may be beneficial for storage [31]. Amyloplasts, like all plastids, are organelles that arise
from undifferentiated proplastids and through complex signaling differentiate to perform
a specific function [32-34]. In the case of chloroplasts, the function is photosynthesis, while
in amyloplasts it is starch synthesis and storage. Previous studies have demonstrated that
plastid division occurs through binary fission with the formation of an electron-dense ring
responsible for constriction [35-37]. This ring is composed of the Fts (filamentous tempera-
ture sensitive) proteins, which are homologous to the proteins responsible for cell division
in Escherichia coli [38—41]. The initial discovery of Fts genes in E. coli distinguished multiple
families, including FtsZ [42]. In plants, there are two distinct FtsZ gene families, FtsZ1 and
FtsZ2, both of which are required for effective plastid division [43]. The expression ratio of
the genes is speculated to have an important effect on chloroplast division [44]. Though
not fully understood, both increasing and decreasing the expression levels of FtsZ1 and
FtsZ2 result in altered plastid division, potentially from only one and not both proteins
accumulating [45]. The knockdown of either of these in Arabidopsis resulted in one or few
enlarged chloroplasts, termed “macro-chloroplasts”, as opposed to wild-type cells reported
to contain ~100 chloroplasts [36,45]. The authors speculated that a minor change in FtsZ
levels likely would not affect plastid division and only a severe stoichiometric imbalance
of all plastid division components would result in the production of macro-chloroplasts.
Regardless of the dramatic change in organelle size and abundance, the phenotypes of
resulting plants were similar to wild-type. Specifically, for potato, it has been shown
that the decreased expression of FtsZ1 through RNAi reduces plastid number, while the
overexpression of FtsZ1 results in fewer and larger plastids [46]. Potatoes harvested from
macro-plastid lines had larger starch granules and increased phosphate content. Addition-
ally, the viscosity of the starch paste after cooling was higher in macro-plastid lines. In
rice endosperm, the knockdown of FtsZ1 produced larger pleomorphic amyloplasts that
initiated division and expanded but did not complete plastid division [47]. Recently, we
produced potato lines overexpressing Arabidopsis thaliana FtsZ1 and proved their capability
for chloroplast transformation [48]. These macro-chloroplast lines performed similarly to
the wild-type as material for chloroplast transformation but were delayed in growth and
yielded less tuber biomass.

Here, CRISPR/Cas9-mediated genome-editing was used for the crop improvement of
potato to specifically augment starch granule size by the formation of macro-plastid lines.
The use of CRISPR/Cas9 allows for the potential to generate non-transgenic genome-edited
potato plants. The transient expression of this system in protoplasts along with plant
regeneration could lead to macro-plastid lines similar to the ones described in this work,
providing a path to commercialization.

2. Results
2.1. Generation of Potato Lines with Reduced FtsZ1 Expression Levels

FtsZ1 was chosen over FtsZ2 for gene editing, as FtsZ1 repression alone has been
shown to affect plastid division and FtsZ2 has not been accurately identified in potato. The
entire FtsZ1 coding sequence was cloned and sequenced from S. tuberosum var. ‘Desirée’
cDNA to accurately design gRNAs. gRNAs were designed on exonic DNA. Following this,
fifty-six transgenic lines from five different gRNA constructs were produced from transfor-
mation with Agrobacterium tumefaciens. Six transgenic lines were produced with gRNA1,
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twelve with gRNA2, eighteen with gRNA3, eight with gRNA4, and twelve with gRNA5. A
restriction digest assay was performed to identify mutant lines (Supplementary Figure S1).
Six plants were mutated from gRNA1 (100%), eleven from gRNA2 (92%), thirteen from
gRNA3 (72%), eight from gRNA4 (100%), and zero from gRNA5 (0%) (thirty-eight in total).
No lines were generated with only undigested bands, which would be indicative of one
homozygous mutation carried through all four alleles. Three or more lines from each
gRNA were chosen for sequencing to characterize the type of mutagenesis caused by Cas9
cleavage and all 16 lines had mutations (Figure 1A,B). Five clones of FtsZ1 cDNA are shown
and represent some of the mutations found in these lines. Lines produced with gRNA1
had deletions ranging from 11 to 167 base pairs. Every line produced with gRNA2 had a
—65 base pair deletion. Lines produced with gRNA3 had deletions and insertions ranging
from —/+1 to —394 or +777 base pairs. Interestingly, the +412 and +777 fragments inserted
in line 3.16 aligned with 100% homology to an unannotated mitochondrial DNA sequence
(Supplementary Table S1). This insert appears to be a non-coding sequence. Lines produced
with gRNA4 had deletions ranging from —3 to —266 base pairs but only a maximum of
+9 base pair insertion. No lines that had non-frameshift mutations, such as indels of three or
six base pairs, were continued in this study, lending confidence that the genome-edited lines
should influence FtsZ1 function, given that coding sequence ought to result in impaired
transcripts and subsequent peptide sequence. Indels within intron-spanning sequence
would be expected to cause disruptions in transcription and affect FtsZ1 synthesis. The
PCR amplification of genomic DNA FtsZ1 fragments for the 16 down-selected lines were
congruent with sequencing results and displayed large genomic deletions and insertions
(Supplementary Figure S2). All 16 lines showed multiple amplification patterns, indicating
that none of the lines were homozygous mutants.

c¢DNA was produced from the 16 lines and analyzed using RT-PCR and qRT-PCR.
Full-length 1260 base pair (bp) FtsZ1 amplification analysis indicated that many lines had
multiple band amplifications or very low amplification (Supplementary Figure S3). Lower
than wild-type molecular weight amplicons corroborate sequencing data that indicate large
portions of FtsZ1 were deleted following DNA repair. Primers for gRT-PCR were designed
on conserved deleted regions among all 16 lines (Figure 1B). gqRT-PCR analysis showed
that all lines had a decrease in FtsZ1 expression compared to wild-type, ranging from a
1.3- to 115-fold reduction (Figure 1C). Lines 2.6, 2.7, and 2.9 expressed FtsZ1 less than
wild-type but more than other transgenic lines, likely due to fewer alleles being targeted
by Cas9. Potentially, lines 2.6, 2.7, and 2.9 still contain one or more wild-type FtsZ1 allele.
Lines 4.1 and 4.3 did not produce a detectable transcript using the primers for qRT-PCR.
The decreased qRT-PCR amplification of FtsZ1 in mutant lines is likely due to sequence
complementary to either primer 13 or 14 being destroyed.

2.2. The Reduction in FtsZ1 Expression Produced Potato Tubers with Increased Starch Granule
Size without Comprising Nutritional Quality

Microtubers were generated from all 16 lines. Starch granule size from these mi-
crotubers was determined by light microscopy (Figure 2A). Since there is a direct re-
lationship between tuber size and starch granule size, only microtubers ranging from
10 to 30 mg were used (Supplementary Table S2) [49]. Three wild-type microtuber con-
trols between 13.6 and 29.7 mg were included and none were significantly different from
one another. Lines 3.3 and 3.9 contained starch granules significantly larger than wild-
type (1.37- and 1.98-fold larger, respectively) or any other transgenic lines (Figure 2B).
Based on this criteria, lines 3.3 and 3.9 were pursued for further analysis and will be re-
ferred to as MacroGranulel and MacroGranule2 from this point forward. Leaf tissue from
the 16 downselected mutants and wild-types was analyzed using confocal microscopy
(Supplementary Figure S4). Several lines (MG1, MG2, 3.12, and 4.2) contain fewer and
larger chloroplasts compared to the wild-type. The morphology of the chloroplasts, espe-
cially for MacroGranule2, was less uniform than the typical ovoid shape observed in the
wild-type.
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TCTATGCTATAA?

All 16 lines were grown in a greenhouse to produce tubers for subsequent analysis
(Supplementary Figure S5). Tubers were analyzed using a variety of methods to determine
total phosphorus, phosphate, fat, nitrogen, protein, starch, and amylose content (Table 1).
All lines, apart from lines 4.1 and 4.3, contained the same nutritional content as the wild-
type. Lines 4.1 and 4.3 had a significant decrease in starch content. Lines were also compiled
by gRNA and compared to wild-type, and no compiled gRNA groups were significantly
different from each other (Table 1). These results indicated that there was no nutritional
penalty for the investigated macro and micronutrients following the genome-editing of
FtsZ1.

1260 bp

TGACTCCTCCGCTG

12A TCTATGCTATAAA 33A - 64 41A GTCARA  -266
12B 33B TGACTC 20 41B GTCARA  -266
12¢C 33C GATTGCCA 64 4] C —=mmmmmmm oo e e 53,42
12D 33D B BT v ———— T —. -102
12E -————- 33E <137 41E  GCAA-————— e -50
13A TCTATGCTATAAACACGGA-———————=—————=———————— 32 38A TGACTCCT------—---—-—--—o—— 37 424
13B  TCTATGCTATAAACACGGA—————————————————— o= B 38B TGACTCCTCCGCTGCCTGTT “TAAAAAGAGGATTGCC  +1  42B
13C TCTATGCTATAAACACGGA-=======m==m==mm=mmmm 32 38C TGACTCCTCCGCTGCCTGTTCCCCTA--——========== 20 42C
13D 84 38D TGACTCCT +1 42D
13E 84 38E TGACTCCTCCC -20 42E
15A TCTATGCT 36 39A 44 43A GCAATCCTCTTTTAGGGGAT----- CAGCGGAGGAGTCAA -5, +1
158 _ SESE ST S S 50 39B M1 4B SEEmsmsmemnSaamamnaTnn -102
15C TCTATGCTATAAACACGG-—==================== 32 39C =120, 43@ ===-semcscersscarmecssonsmsctmesmencens -102
15D TCTATGCTATAAACACGGA-———————————————————— 32 89D} srsrsRss TR nsEeEReR ST <102 43D GCAATCCTCTTTTAG----=-==============-=——— 26
15E TCTATGCTATAAACACGGA-—————————==———————— 32 39E -—m-mmmmmmmommommm oo -394 43E GCAATCCTCTTTTAG---=================———— -26
-1
-1 C 0.016 f
204 .
-204 0.014
204 d d
-65 3.3A —-———-—-———- e -120 0.012
-65 3 AA-GAGGATTGCCA
-65 > 0.01 e
-65
£ 0.008
-65
65 0.006
-65
TTGGT  -65 204 0.004 fab@
5GCTTGGT -65 Sbe abc
0.002
T .65 “TAAA-GAGGAT B c be_bebCo 1o be
! 0 . RA-GAL -1 0 = 1 i i3z - ¥
,I, -65 3.18C TGACTCC AA-GAGGATTGCCA -1 NMUVWONOIMOANMO® O™ NME X
T -65 318D TGACTCCTC “TAAA-GAGGATTGCCA -1 FrrraANNOSEET T T T ddsS §
29E - TC TTGGT  -65 3.18E TGACTCCTCCG --AAAGAGGATTGCCA  -10 U0, e o

Figure 1. CRISPR/Cas9-mediated genome-editing leads to the reduced expression of potato FtsZ1.
Several plant lines edited using each gRNA were selected for sequencing (A). The sequence dis-
played under each gRNA corresponds to WT sequence. The green and blue highlighted sequence
corresponds to that of the gRNA and PAM, respectively. The characterization of each mutation is
annotated on the right of each sequence. Schematic of gRNAs, deleted DNA regions, and primers
on FtsZ1 coding sequence (B). The entire black bar is representative of the 1260 bp coding sequence
of FtsZ1. Colored arrows represent gRNAs. Colored rectangles on the FtsZ1 black bar represent the
deleted regions of DNA, checkerboard rectangles represent areas deleted in multiple lines. Black
arrows represent primers used for RT and qRT-PCR. qRT-PCR was conducted on FtsZ1 vs. EF1

(C). Results are expressed as 2-ACt

mean =+ standard deviation of the three experiments. Means
were compared with ANOVA, followed by Tukey-Kramer post hoc analysis using a p-value of 0.05.
Different letters above plotted means indicate a statistically significant difference. WT = wild-type.

gRNA = guide RNA. Bp = base pair. PAM = protospacer adjacent motif.
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Figure 2. Reduced FtsZ1 expression leads to the production of larger starch granules. Microtuber starch
granules were analyzed via light microscopy (A). Tubers were scraped onto slides and stained. Scale
bar = 275 um. Granule area (um?) mean + standard deviation (B). The number of granules analyzed for
each microtuber is noted by n. Means were compared with ANOVA, followed by Tukey-Kramer post hoc
analysis (* = p < 0.05, ** = p < 0.01 different from all other lines). The distribution of the granule area for
compiled lines from each gRNA (C). WT = wild-type. MG1 = MacroGranulel. MG2 = MacroGranule2.
gRNA = guide RNA.

Table 1. Nutritional analysis of FtsZ1 edited tubers. Tubers from greenhouse-grown plants were
analyzed for the determination of total phosphorus, phosphate, fat, nitrogen, protein, starch, and
amylose. Single values are shown for individual lines for phosphorus, phosphate, fat, nitrogen,
and protein. Results for starch and amylose for individual lines, and all parameters for com-
piled gRNAs are expressed as mean =+ standard deviation. Means were compared by ANOVA,
followed by Tukey—Kramer (** = p < 0.01 different from all other lines). MG1 = MacroGranulel.
MG2 = MacroGranule2. WT = wild-type. gRNA = guide RNA.

Line/s Phosphorus % Phosphate % Fat % Nitrogen % Protein % Starch % Amylose %
12 0.11 0.34 0.36 0.61 3.81 59.05 (£0.89) 29.86 (+0.50)
13 0.11 0.34 0.15 0.61 3.81 55.44 (£1.22) 30.28 (+0.32)
15 0.10 0.31 0.32 0.50 3.13 59.82 (+£1.74) 29.99 (£1.18)
2.6 0.11 0.33 0.10 0.50 3.13 57.79 (£2.38) 29.10 (£0.47)
2.7 0.12 0.35 0.16 0.58 3.63 57.63 (£1.96) 25.58 (£0.265)
29 0.12 0.36 0.18 0.54 3.38 58.95 (£1.12) 27.64 (£0.58)

MG1 0.12 0.36 0.27 0.55 3.44 55.80 (£1.07) 27.10 (+0.50)
3.8 0.12 0.38 0.15 0.64 4.00 58.75 (£ 0.41) 28.89 (£ 0.53)

MG2 0.13 0.41 0.10 0.61 3.81 57.83 (£0.63) 26.16 (+£0.41)
3.12 0.11 0.34 0.15 0.55 3.44 56.89 (+0.83) 27.04 (+£0.42)
3.13 0.11 0.35 0.10 0.56 3.50 56.51 (£0.37) 30.04 (£0.56)
3.16 0.11 0.33 0.26 0.54 3.38 58.76 (+0.45) 29.12 (+0.45)
3.18 0.11 0.33 0.30 0.53 3.31 57.69 (£0.73) 29.09 (+0.40)
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Table 1. Cont.

Line/s Phosphorus % Phosphate % Fat % Nitrogen % Protein % Starch % Amylose %
41 0.11 033 0.26 0.58 3.63 **50.39 (£0.84) 27.63 (4:0.38)

42 0.12 0.38 0.17 0.71 444 - -
43 0.13 0.39 0.29 0.73 456 ** 48 74 (+0.37) 28.33 (40.58)
WT 0.12 037 0.19 0.67 419 54.14 (£0.54) 28.70 (0.56)
Cgé“ﬁﬁ‘id 0.11 (0.01) 033 (£0.02)  028(£0.11) 057 (+0.06)  3.58(+0.39)  58.10 (+2.34) 30.04 (+0.21)
Cgé“ﬁ/‘i‘;d 0.11 (£0.01) 035(£0.01)  0.15(£0.04) 054 (£0.04)  338(£0.25)  58.12 (£0.72) 27.44 (£1.77)
C;“I\I?i‘;d 0.12 (£0.01) 036 (£0.03)  0.19(£0.08)  057(£0.04)  355(£0.25)  57.46 (£1.12) 28.21 (£1.43)
Cgéaniid 0.12 (+£0.01) 037 (£0.03) 027 (£0.02)  0.67(+0.08)  421(£051)  49.56 (£1.17) 27.98 (£0.49)

2.3. The Phenotypes and Growth Characteristics of MacroGranulel and MacroGranule2 Plants
Were Comparable to Non-Edited Wild-Type Plants

MacroGranulel, MacroGranule2, and wild-type plants were chosen for a second
growth study to analyze additional phenotypic parameters (Figure 3). Both transgenic
lines reached the same height, contained the same level of chlorophyll, and conducted gas
exchange congruent to the wild-type. No differences in tuber yield or aboveground biomass
were observed (Supplementary Figure 56). In contrast to our previous overexpression of
FtsZ1 potato lines [48], MacroGranulel and MacroGranule2 plants did not display any
delay in growth. These results lend confidence that FtsZ1 mutants can be successfully
grown to produce macro-plastid potatoes.
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Figure 3. Phenotypic analysis of macro-plastid lines. Photos of each line growing in an 11.4 1
pot shortly before bolting (A). Scale bar = 30 cm. Plant height in centimeters (Cm) (B). Leaf CO,
assimilation (C). Chlorophyll concentration index (CCI) (D). Total tuber weight (E). Biomass of
above ground tissue dry weight (F). Total tuber yield (G). Results are expressed as mean =+ standard
deviation. Means were compared with ANOVA, followed by Tukey-Kramer post hoc analysis.
WT = wild-type. MG1 = MacroGranulel. MG2 = MacroGranule2. # = number of tubers.
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2.4. MacroGranule2 Starch Displays a Higher Viscosity Level than MacroGranulel and Wild-Type

The starch isolated from tubers of MacroGranulel, MacroGranule2, and wild-type
lines was used to determine pasting properties through the use of a rheometer. The viscosity
of all three lines began increasing at around 65 °C (Figure 4). MacroGranulel and wild-type
reached a maximum viscosity during the 90 °C hold phase of 0.322 (£0.04) and 0.356 (£0.05)
Pa.s, respectively. Interestingly, MacroGranule2 reached a maximum viscosity during the
hold phase of 0.629 (£0.05) Pa.s, a 1.77-fold increase over wild-type. MacroGranulel and
wild-type reached a final viscosity of 0.544 (£0.05) and 0.593 (£0.06) Pa.s, respectively.
MacroGranule2 reached a final viscosity of 1.225 (£0.07) Pa.s, a 2.07-fold increase over
wild-type.

14 100
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0 o
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o 08 o
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3 i MG 1
> 5 &
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Figure 4. MacroGranule2 starch granules show increased viscosity compared to MacroGranulel and
wild-type. Values indicate maximum viscosity during the 90 °C holding phase or final viscosity, and
colors are maintained for the three lines. Results are expressed as mean =+ standard deviation. Means
were compared with ANOVA, followed by Tukey-Kramer post hoc analysis (*** = p < 0.001 different
from WT). WT = wild-type. MG1 = MacroGranulel. MG2 = MacroGranule2.

3. Discussion

We show here that a reduction in FtsZ1 expression mediated by CRISPR/Cas9 can
produce macroplastid lines that contain larger starch granules (Figure 2 and Supplementary
Figure S3). Though only one gRNA was used to generate each mutant line, large insertions
and deletions were frequently detected. These large mutations have been previously
reported in plants, including in potato [50-52]. Despite constitutive Cas9 expression, no
lines had homozygous mutations, as determined by a restriction digest assay and the
simple PCR of genomic DNA (Supplementary Figures S1 and S2). This may be due to
allelic differences in FtsZ1, especially considering the tetraploid genome structure of potato.
Several of the lines potentially arose from the same piece of transformed callus. Lines 3.12,
3.13, and 3.16 all had the same distinct amplification pattern and are likely genetically
indistinguishable (Supplementary Figure S2). Several large amplicon insertions detected
through sequencing of line 3.16 could also potentially be detected in lines 3.12 and 3.13
with additional technical replicates. Targeted deep amplicon sequencing was attempted for
all lines but was unsuccessful due to the tetraploid genome of potato.

The large 412 and 777 base pair insertion detected in line 3.16 is particularly inter-
esting. These sequences align with 100% homology to unannotated potato mitochondrial
DNA. These large insertions also align with high homology to other Solanum species’
mitochondrial DNA, including tomato and eggplant. Mitochondrial DNA has been pre-
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viously reported to insert into nuclear genomes in eukaryotes, including plants with up
to a 620 kilobase insertion in A. thaliana [53-55]. Mitochondrial DNA insertion is thought
to occur following double-strand breaks, and to the best of our knowledge, this is the
first recorded instance mediated through cleavage via CRISPR/Cas9 or any other genome-
editor [56].

Though most were not significant, 75% of the regenerated mutants produced starch
granules were at least slightly larger than wild-type (Figure 2). Two lines, MacroGranulel
and MacroGranule2, produced starch granules 1.37- and 1.98-fold larger than wild-type
potato, respectively. MacroGranulel and MacroGranule2 were generated using gRNA3,
and all seven lines from gRNA3 created microtubers with at least slightly larger starch
granules compared to wild-type (Figure 2 and Supplementary Table S2). gRNA3 directs
Cas9 to a putative cut site at 20 bp 3’ of an intron splice site. This close proximity to the
splice site may explain a higher effect seen in these lines. Potentially, the mutations in
MacroGranulel and MacroGranule? resulted in a more deleterious FtsZ1 protein that aber-
rantly affected the Z-ring formation more than FtsZ1 proteins in other mutant lines. The
macro-plastid phenotype was also most dramatic in MacroGranulel and MacroGranule2
compared to other mutants, which likely led to the formation of the larger starch granules
(Supplementary Figure 54). Although several lines other than MacroGranulel and Macro-
Granule2 showed altered chloroplast morphology, this did not translate to statistically
different starch granule sizes. This may be due to lower overall FtsZ1 expression in tubers
compared to leaves and, ultimately, a lessened effect in the tuber plastids.

Previous work using RNAi demonstrated that a reduction in FtsZ1 can affect plastid
morphology and plastid division patterns; however, this work demonstrated that a more
viable commercial approach, through CRISPR/Cas9 mediated genome-editing, can result
in a similar larger starch granule phenotype [46,47]. Our previous generation of macro-
plastid lines generated through the overexpression of A. thaliana FtsZ1 produced lines that
were delayed in growth and had lower tuber biomass [48]. In this study, MacroGranulel
and MacroGranule2 produced the same tuber biomass as the wild-type without a delay in
growth (Figure 3). Interestingly, there was no increase in phosphate content as was found
previously [46]. The lack of delayed growth patterns observed in these lines may be due
to differences in the expression levels of FtsZ1 as compared to previous overexpressing
lines [57]. The overexpression of FtsZ1 and its effect on chloroplast division has shown
to be dose-dependent, and perhaps a moderate decrease in expression could result in
plants with intermediate-sized plastids [45]. MacroGranulel and MacroGranule2 may
fall into this category of macro-plastid plants, retaining adequate growth patterns while
still producing larger starch granules. Previous research has shown that suspensions of
larger starch granules exhibit increased viscosity characteristics [58—60]. MacroGranule2
contained starch granules almost twice as large as wild-type, and this likely led to the
increased final viscosity (Figure 4). Potentially, the 1.37-fold increase in MacroGranulel
starch granule size is not enough to affect final viscosity. As MacroGranule2's starch paste
reached a maximum viscosity twice as high as that of the wild-type, it could potentially be
used in smaller amounts. Additionally, blends of different starch sources are commonly
used to fit a specific purpose, and tubers from MacroGranule2 may be useful to fit a distinct
need [61-63]. Potato starch paste has a very high level of clarity, and this benefit may
increase the usefulness of starch from MacroGranule2 [64].

While CRISPR/Cas9 has revolutionized plant biotechnology, there is still public skepti-
cism regarding genetically engineered crops and a significant hurdle to bringing transgenic
crops to market [65-67]. In the current regulatory landscape in the U.S., an attractive
alternative is to produce plants through transient genome-editing, using preassembled
ribonucleoproteins or mRNA [68-70]. The delivery of CRISPR/Cas9 cargo through either
of these methods using protoplasts or biolistics ensures that DNA editing can occur without
the possibility of foreign DNA integration. These methods could potentially be applied
with our gRNA to generate lines similar to MacroGranulel and MacroGranule?2 for the
commercial production of a large starch granule potato line.
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Here, we have described the generation of larger starch granule potato tubers using
CRISPR/Cas9-mediated genome-editing. The two plant lines produced, MacroGranulel
and MacroGranule2, grew without a fitness penalty and produced tubers with larger starch
granules but otherwise similar phenotypes and nutritional profiles. Our design could be
taken further via a DNA-free genome-editing platform to produce larger starch granule
potatoes suitable for the modern market.

4. Materials and Methods
4.1. FtsZ1 CDS Cloning/Sequencing

S. tuberosum var. ‘Desirée’ were grown in Magenta GA7 boxes with MS Reg media [48].
RNA was extracted from ~1-month-old tissue using TRI Reagent, as per the manufacturer’s
instructions (Molecular Research Center, Cincinnati, OH, USA). RNA was cleaned with a
Zymo Research RNA Clean and Concentrator kit (Irvine, CA, USA). cDNA was synthesized
according to protocol using a Thermo Fisher Scientific SuperScript III First-Strand Synthesis
System (Waltham, MA, USA). The FtsZ1 coding sequence was amplified using primers 1
and 2 (all primers used in this study can be found in Supplementary Table S3). The FtsZ1
amplicon and pUC19 were digested with Xbal and HindIII (NEB, Ipswich, MA, USA). One
microliter of calf intestinal alkaline phosphatase was added to the pUC19 digestion for
dephosphorylation, and the amplicon was ligated into the vector. The vector was Sanger
sequenced with M13 forward and reverse primers.

4.2. Vector Construction

pKSE401 was obtained through Addgene (plasmid number 62202) (Watertown, MA,
USA) [71]. The vector was modified to have hygromycin plant selection, as opposed
to kanamycin selection. Briefly, a hygromycin phosphotransferase-encoding gene from
plasmid pMDC32 was amplified using primers 3 and 4 [72]. The hygromycin amplicon and
pKSE401 were digested with Ncol and Sacll. One microliter of calf intestinal phosphatase
was added to the pKSE401 digestion, and the hygromycin fragment was ligated into the
vector, now named pKSE401-Hyg. Five guide RNAs (gRNAs) were designed on two
different FtsZ1 exons by considering GC content, unique restriction enzyme recognition
sites, and off-target effects by using CRISPOR (Supplementary Table S3) [73]. The off-target
effect was minimal due to the use of CRISPOR, and therefore, gRNAs should not target
FtsZ2 or any potentially similar sequences. gRNAs were designed to direct Cas9 to a
restriction enzyme recognition site. Upon Cas9 cleavage and subsequent DNA repair,
indels destroyed these recognition sites. Undigested PCR fragments were thus indicative of
mutagenesis. gRNAs were designed with Bsal overhangs and ordered as complementary
single stranded oligonucleotides (IDT, Coralville, IA, USA). gRNAs were annealed at 95 °C
for two minutes in oligo annealing buffer (10 mM Tris HCI, pH 8.0; 50 mM NaCl; 1 mM
EDTA) and cloned into the pKSE401-Hyg vector using Bsal sites.

4.3. Plant Transformation

pKSE401-Hyg constructs were transformed into A. tumefaciens strain LBA4404 using
the freeze-thaw method [74]. One-month old in vitro potato cultures were used for plant
transformation as previously described [75]. Briefly, A. tumefaciens was grown for several
hours to reach an optical density of 0.7 in liquid YEP media with rifampicin and kanamycin
at 50 mg/L. Cultures were spun down and resuspended in liquid CIM media at an optical
density of 0.7 [75]. Potato internodes of 1 cm in size were plated onto solid CIM plates, and
explants were inoculated with the A. tumefaciens culture for 20 min [75]. Internodes were
moved to new CIM plates and placed in the dark for 3 days before being moved to 3C5ZR
plates supplemented with 20 mg/mL hygromyecin [75]. Plantlets were transferred to new
3C5ZR plates every 10 days until shoots emerged, when they were then transferred to MS
Reg media supplemented with 20 mg/mL hygromycin [48]. Fifty-six putative transgenic
plantlets were chosen for genomic DNA extraction based on their ability to form roots in
media containing hygromycin.
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4.4. Genomic DNA Extraction and Molecular Analysis

DNA was extracted from the 56 putative transgenic plantlets with the CTAB method [76].
PCR was performed with primers 5 and 6 on 20 ng genomic DNA to check for the presence
of Cas9 DNA. All 56 lines were then subjected to the restriction enzyme digest assay. Twenty
nanograms of genomic DNA from each of the plantlets generated with gRNAs 1 and 2
were amplified with primers 7 and 8; while plantlets generated with gRNAs 3, 4, and 5
were amplified with primers 9 and 10. Following amplification, the PCR products were
purified, diluted to 900 ng, and digested with appropriate restriction enzymes overnight
(Supplementary Table S3). The digestions were run on an agarose gel and checked for
undigested bands. All undigested bands were cut out and cleaned with a Qiagen QIAquick
Gel Extraction Kit (Hilden, Germany).

4.5. Cloning and Sequencing of Mutated Amplicons

pUC19 was digested with 1 uL Hincll and 1 pL calf intestinal phosphatase. The
undigested DNA bands from 16 lines were re-amplified using the same phosphorylated
primers and ligated into the vector. Following colony PCR, 5 putative positive colonies
(A-E) per transgenic line were used for plasmid isolation and were Sanger sequenced with
M13 forward and reverse primers.

4.6. RT PCR and g-RT PCR

cDNA was synthesized as before for all 16 down-selected lines. RI-PCR was conducted
using primers 11 and 12 to amplify the entire 1260 bp FtsZ1 coding sequence and 15 and
16 to amplify a portion of EF1x as a control. Primers 13 and 14 and 15 and 16 were
used to amplify a portion of FtsZ1 or EF1a, respectively, for qRT-PCR. Primers 13 and 14
were designed on a 97 bp portion of FtsZ1, which was removed following CRISPR/Cas9
mutagenesis in all lines. Therefore, the amplification of cDNA would not occur on deleted
sequence due to the lack of a template. Because all regenerated lines are heterozygous,
some native FtsZ1 expression can still be detected in transgenic lines and compared to
wild-type. qRT-PCR reactions were performed using the PowerUp SYBR Green Master Mix
(Thermo Scientific, Waltham, MA, USA) and run on a QuantStudio 6 Flex. The data are
expressed as 27A€T of FtsZ1 vs. EF1a. Results are shown as mean =+ standard deviation of
3 technical replicates.

4.7. Starch Granule Size Determination

Plantlets were grown on plates containing microtuber induction media: 2.89 g/L
Murashige-Skoog Salts (without vitamins); 1.04 g/L B5 salts (Gamborg B5 basal); 5 mL
“complete” vitamin stock solution (400 g/L glycine; 100 mg/L nicotinic acid; 100 mg/L
pyridoxine HCI; 100 mg/L thiamine HCl); 330 ug/L folic acid; 500 pg/L d-biotin; 10 mg/L
kinetin; 100 pg/L indole acetic acid; 100 mg/L inositol; 80 g/L sucrose; 6 g/L agar; and pH
5.7. One centimeter internode segments, with leaves removed, were placed on media that
was kept in the dark at 17 °C. After one month of growth, microtubers were transferred onto
microscope slides, and stained with a 1:1 mixture of Lugol’s solution (6.7 g/L potassium
iodide; 3.3 g/L iodine) to glycerol. Light microscope images were used to assess the size
of the stained starch granules. Granule area was measured using Image] 1.41 from the
National Institute of Health (Supplementary Table S2) (Bethesda, ML, USA).

4.8. Confocal Microscopy

One-month-old fully expanded leaves were analyzed using an Olympus Fv1000
confocal microscope (Tokyo, Japan). Chlorophyll autofluorescence was excited using a
543 nm helium-neon laser and was detected with an emission wavelength of 667 nm.
Images were taken with the same parameters using Olympus FV10-ASW Viewer software
Ver.4.2a. The images were processed with the Image] 1.410 software from the National
Institute of Health.
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4.9. Growth Studies

In vitro potato tissue that was 1 month old was propagated from the 16 genome-edited
lines and wild-type control in MS Reg media [48]. After roots emerged ~2 weeks, 5 apical
meristems from each line and wild-type were transferred to Pro-Mix BK25 potting mix and
grown under fluorescent lights at ambient temperature in 6 X 6 x 9 cm pots. Six weeks
later, the plants were transferred to 11.4 1 pots and grew until senescence in a greenhouse.
Tubers were collected and washed with deionized water.

The triplicate replicates of MacroGranulel, MacroGranule2, and wild-type plants
were propagated and transferred to potting mix, as described previously. Plants were
grown in growth chambers with 16/8 h of light/dark cycle and a constant temperature of
22 °C. Phenotypic analysis was conducted simultaneously for all lines as flowers began to
emerge. CO, assimilation values per unit of leaf area (1mol m~2 s~2) were measured with
a LI-COR Biosciences LI-6800 Portable Photosynthesis System (Lincoln, NE, USA) with
atmospheric CO, conditions (400 pmol mol air~1), constant irradiance (1000 umol photons
m2572),23°C,a vapor pressure deficit of 0.8-1.2 kPa, and a flow rate of 200 umol sl An
Opti-Sciences CCM-200plus chlorophyll meter (Hudson, NH, USA) was used to measure
chlorophyll content index (CCI). Three readings from three different leaves (nine in total)
were taken from each plant. Tubers were collected, cleaned with deionized water, dried at
ambient temperature, and weighed. All above-ground tissue was collected, dried at 50 °C,
and weighed.

4.10. Tuber Analysis

Tubers from the 16 genome-edited lines and wild-type were sent to Eurofins Food
Testing Services (Des Moines, IA, USA) for the determination of total fat, phosphorus,
phosphate, nitrogen, and protein content. The association of Official Agricultural Chemists
methods 990.03, 992.15, 954.02, modified 984.27, modified 927.02, modified 985.01, and
modified 965.17 were conducted. Single values were provided for individual lines and
compiled among similar gRNA groups, which are shown as mean =+ standard deviation.
Tubers were also lyophilized and milled to determine total starch and amylose content
using Megazyme kits K-TSTA-100A and K-AMYL (Wicklow, Ireland).

4.11. Starch Pasting Properties

Starch was extracted from MacroGranulel, MacroGranule?, and wild-type tubers as
previously described [77]. Pasting properties were analyzed with previously described
methods on a Discovery HR-2 Rheometer using a 40 mm Peltier steel parallel plate (New
Castle, DE, USA) [78].

4.12. Statistical Analysis

Means were compared via ANOVA, followed by Tukey-Kramer (p <0.05=*,p < 0.01 = **,
p <0.001 = ***) using CoStat software (Cohort Software Ltd., Birmingham, UK).

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants12091878/s1, Supplementary Table S1: Mitochondrial DNA
insertion in line 3.16; Supplementary Table S2: Microtuber weight and mean area; Supplementary
Table S3: Primers and gRNAs; Supplementary Figure S1: Restriction digest assay; Supplementary
Figure S2: PCR amplification of FtsZ1 fragments; Supplementary Figure S3: FtsZ1 expression patterns;
Supplementary Figure S4: Chloroplast morphology by confocal microscopy of large starch granule
lines; Supplementary Figure S5: Greenhouse production of FtsZ1 mutant potato lines; Supplementary
Figure S6: Tubers produced from MacroGranulel, MacroGranule2, and WT.
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