








Figure 2 Principal Components Analyses plotting the covariance matrices output from
PCAnNgsd, showing: (Left) variation in all samples, including New Farms and Fresh Start,
and both landrace panels and (Right) variation between samples from both farm locations.
Plotted in ggplot with added ellipses to show major groupings by sample type.

2.3.2 Population Admixture and Ancestry

A series of structure analyses were performed with varying levels of K to
investigate shared ancestry between groups (Figure 3). When all sample groups (AA, NA,
NF, FS) were included in the analysis at K=3, we see that the population subdivision evenly
defines the two panels as separate populations and the new American samples as a third,
more heterogeneous population that shares slightly higher proportions of admixture with
the AA panel than with the NA panel. When K is increased to 4, the two farm locations are

separated from each other, indicated by the orange coloring; however, it is clear that NF is
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much more heterogeneous than FS. Lastly, when K is increased to 6, we observe that FS
and AA both are further subdivided, indicated by the pink coloring in AA and the yellow
in FS, while NF and NA reflect the same structure as in K=4 and K=3, respectively.
Lastly, we investigated the relationship between maize samples collected from each
farmer at the two farm locations (FS in Dunbarton, NH & NF in Burlington, VT) to obtain
a clearer idea of potential seed-sharing dynamics between farmers (Figure 4). When K is
set to the number of farmers sampled at each farm (5 for FS, 9 for NF), we see that
individual samples are mostly subdivided by farmer. For samples from FS in particular, we
see hardly any signature of admixture between farmers’ crops, with the exception of 2
samples from FS4 and 2 samples from FS5 that show ~50% admixture. In samples from
New Farms, we also observe a similar division by farmer, with samples from 3 farmers
showing no signature of admixture and 4 farmers with admixture in only 1-2 samples. The
remaining 2 farmers, NF5 and NF7, appear to be highly admixed and do not separate as

any distinct group.
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AficarvAsian Panel New Famms for New Ameri R |

Figure 3 Admixture analysis to investigate shared ancestry between New Farms and Fresh
Starts samples and the Africa/Asia and North America landrace panels. Number of
subpopulations was increased from K=3, 4, 6, listed next to admixture proportions on the
left of the structure plots.
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Figure 4 Admixture analysis comparing samples from each farm (New Farms for New
Americans in Burlington, VT and Fresh Start Farms in Dunbarton, NH) to investigate how
distinct one farm’s crop is from another. For each farm location, number of subpopulations
was set to K = number of farmers (listed above each plot) to see if samples grouped by
farmer. Each subpopulation is a different color, and admixture proportions are labeled on
the Y axis. Numbers on the X axis represent farmer ID’s and correspond to Table 1.
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2.3.3 Pairwise Diversity and Tajima’s D

We calculated genome-wide pairwise diversity (pi) estimates to compare levels of
genetic diversity between the sample groups and between farmers (Figure 5, top). When pi
was calculated for each sample group (AA, NA, NF, FS), we did not observe significant
variation between the farmer samples and the landrace panels, and the mean estimate of pi
for each group is AA = 0.019, NA = 0.018, NF = 0.020, FS = 0.020. We observe more
variation at the farmer-to-farmer level, but there is no significant difference in comparing
between farm locations.

We also calculated Tajima’s D as a starting point to better understand if and how
selection is acting on the farmer’s crops (Figure 5, bottom). Genome-wide estimates of

Tajima’s D are negative for both farmer groups and for the 2 landrace panels. As with pi,
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we see no significant difference between the average estimates per sample group (AA = -
1.90, NA =-2.12, NF = -2.27, FS = -2.13) and only minor variation between individual

farmers. Overall, Tajima’s D is negative, consistent with recent positive selection or
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Figure 5 Estimates of genome-wide Pairwise Diversity (top) and Tajima's D (bottom)
across sample groups (left) and samples per farmer (right). All sample groups are labeled
along the X-axis, and the Y-axis shows the range of values for pi and Tajima’s D,
respectively. Values were achieved using the Thetas method in Angsd.
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2.3.4 Selective Sweeps and Gene Ontology

Using the top 0.1% of mu scores output by RAISD for each sample group, we
observe a total of 154 selective sweeps in the Africa/Asia panel, 145 in the New Farms
sample group, and 148 in Fresh Start. Windows containing sweeps averaged 516 Kb in
length for all samples (Figure 6), which were parsed to generate three datasets: (1) for
sweeps that are exclusive to NF, (2) for sweeps exclusive to FS, and (3) for sweeps
exclusively shared between NF & FS. Gene models were acquired for each dataset,
returning 639 models for NF only, 603 for FS only, and 205 for NF & FS only. Gene
Ontology analysis for each group revealed 7 significant GO terms for NF & FS, 3 for NF
only, and 0 for FS only. For the NF & FS dataset, the GO term with the highest p-value
was cinnamoyl-CoA reductase activity (GO: 0016621) with p=4.6e-07, which plays a
critical role in lignin production and is a precursor in anthocyanin biosynthesis. In the NF
dataset, the GO term with the highest p-value was Glutathione synthase activity (GO:
0004364) with p=9.9e-06, which is a strong nonenzymatic antioxidant thought to play a
significant role in cell membrane damage prevention and confer abiotic stress tolerance in

plants (Hasanuzzaman et al. 2017).
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Figure 6 Selective sweeps output from RAISD, plotted at 99.9% mu significance threshold.
The top plot shows sweeps analyzes for the full sample groups (AA panel, NF, and FS) and
the bottom plot shows sweeps from each farmer individually, labeled as New Farms or
Fresh Starts. Each chromosome is represented by the horizontal grey box, with
chromosome number labeled to the right and the position along the chromosome labeled
along the X-axis.
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2.4 Discussion

In this study, we set out to determine the origin of and potential contemporary
evolution in maize grown by new American farmers in two community gardens in New
England. Specifically, our questions were: (1) what are the origins of the crops and do they
reflect farmer ethnicity and/or immigration history; (2a) Are the farmer’s crops genetically
distinct from one another and (2b) how does the diversity of the gene pool compare to other
North American and African landraces; and lastly, (3a) is there evidence of recent positive
selection and if yes, (3b) is selection evident on genes that may confer an adaptive

advantage for temperate adaptation?

2.4.1 Origins of the Seed

The initial question on which our investigation builds regards the origin of maize
grown by new American farmers in the Northeast U.S. and whether or not the origin of the
seed reflects farmer ethnicity, immigration history, or seed sharing networks between
resettled farmers. Anecdotally, we have been told by the program managers for both farms
that most farmers plant seed they have saved between seasons, having initially sourced
their seed by (1) bringing it with them during immigration, (2) acquiring it from a neighbor
in the farming community, or in a few cases, (3) attempting to replant seed sourced from
commercial grocery markets. Based on field observations, the maize fits the vegetative and
culinary expectations of African maize, as compared to commercial varieties available in
the United States. By utilizing both PCA and admixture analyses, we can confirm that the
samples are likely derived from African maize varieties; however, we do not see evidence
to suggest an obvious correlation between farmer-reported ethnicity and seed ancestry.
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Primarily, the results of the PCA (Figure 2) suggest that maize samples from New
Farms and Fresh Start are more similar to the Africa/Asia panel than they are to the North
America panel, and also suggest that geographic origin underlies these groupings. The first
2 PCs explain 54.3% of the total variation, and samples are clearly separated by geographic
origin, where the Africa/Asia and North America panels form distinctly separate clusters.
The farmer samples situate between the two panels, but cluster more closely to and overlap
with the AA panel. The admixture analysis (Figure 3) produces similar results, suggesting
that the new American farmer samples share greater ancestry with the Africa/Asia panel
than they do with the North American panel. When we introduce higher population
subdivision by increasing K from 3 to 6, however, we observe that maize samples from
both NF and FS farms are fairly distinct from one another, which is also reflected in the
second PCA, and that they tend to separate more from the AA panel as number of
subpopulations is increased. Lastly, while both farms share ancestry with the AA panel, it
appears that ancestry varies from farmer to farmer, and that not all farmer samples can be
said to share a significant relationship with the AA panel.

One major limitation in answering the question of origin in this study is the
dependency of the PCA and admixture analyses on the representativeness of the landrace
panel in order to interpret origin. Both analyses can only interpret shared variation between
the samples given, and thus the results are dependent on the extent to which the landrace
panels accurately represent all possible origins of the farmer samples. The AA landrace
panel was formed a priori, based on relatively limited information of farmer immigration
history and the availability of appropriate landraces in the U.S. National Plant Germplasm
System. The structure analysis in particular suggests that the AA panel is only partially
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representative of the farmer samples, and thus we do not have enough evidence to draw

conclusions on the exact origin of the seed based on the panels.

2.4.2 On-Farm Diversity

The second goal of this study was to quantify the genetic diversity of maize grown
by new American farmers at NF and FS, measured and compared at the farm- and farmer-
level. Initially, we hypothesized that genetic diversity within each farm would be relatively
high, based on the assumption that the seed is derived from landraces and that farmers
brought them from many different countries and provinces. We also recognized an
alternative hypothesis, however, in which genetic diversity would be quite low based on
the founder’s effect, where farmers may have initially brought only a few seeds with them
to derive their seed stock from, resulting in less variation than would be expected in a
landrace crop. Based on measures of genome-wide pairwise diversity (Figure 5), we
confirm that genetic diversity is relatively high for each farm as compared to estimates of
pi for both panels. While there is not a significant difference in levels of pi across the four
sample groups, we find it important to note that both farms show as much diversity as each
landrace panel, which were chosen to represent the maximum diversity of landraces
available for their respective regions. Estimates of pi between farmers showed minor
variation, but overall diversity was not significantly different between farmer’s crops.

Recognizing that farm-level diversity is higher than expected, we wanted to
investigate whether this diversity was also reflected in differences between the farmers’
crops and, furthermore, if we would be able to use this information to make inferences
about farmer seed-sharing dynamics. When we re-ran the admixture analysis for both farms
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independently and set K equal to the number of farmers from each location (NF =9, FS =
5), we see that individual samples subdivide almost exactly by farmer (Figure 4). These
results indicate that in addition to measures of pairwise diversity being high for each farm,
the farmer’s crops are also genetically distinct from one another, suggesting that individual
farmers grow and save their own seed stocks and do not engage in substantial seed

exchange with other farmers in the garden.

2.4.3 Selection and Potential Adaptation

Noting that the farmers’ crops are most likely derived from Africa, we are presented
with an interesting question: how is African maize able to produce harvests in the temperate
climate of Vermont and New Hampshire? As we have described, phenology plays a critical
role in adaptation of maize to different climate zones (Holland, 2018, Camus-Kulandaivelu
et al., 2006), and flowering time is one of the most important determinants of grain yield
(Millet et al., 2019) along with chilling tolerance in temperate zones (Greaves, 1996;
Farooqi and Lee, 2016). Ultimately, the temperate growing season in VT and NH is
substantially shorter and cooler than should be tenable for tropically-adapted maize;
however, despite this, farmers in our study are still able to obtain a reasonable yield from
their crop each season. Thus, we suspect that some level of recent positive selection has
occurred that has contributed to temperate adaptation of the crop, and we set out to
investigate these signatures of selection.

We began by estimating Tajima’s D to test the null hypothesis of neutrality, and
genome-wide estimates of Tajima’s D were negative for all farmers, indicating a higher
number of rare alleles present than would be expected in a neutrally evolving population
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(Figure 5). These values could be indicative of two different processes: (1) recent positive
selection and/or (2) recent population expansion after a bottleneck, which is consistent with
what we know of the demographic history of the crop. Tajima’s D alone cannot parse the
effects of these two processes, so to infer specifically how selection is acting on the
genome, we then scanned for selective sweeps using RAISD (Figure 6) and conducted a
Gene Ontology (GO) analysis on the gene models indicated under positive selection.
From the GO analysis, we discovered two significantly enriched biological
processes that may indicate recent adaptation and be correlated specifically to temperate
adaption. These are cinnamoyl-CoA reductase activity (common to both NF and FS
samples) and glutathione synthase activity (exclusive to NF). Cinnamoyl-CoA reductase
plays a critical role in lignin production (Pichon et al., 1998). Because the lignin production
pathway is highly complex and its products are utilized in a myriad of plant responses, it
is difficult to draw any singular conclusion from this result. Relevant in this context,
however, it is interesting to note that increases in lignin composition have been
hypothesized as a general mechanism for adaptation to cold stress by reducing damage to
cellular membranes during freezing (Moura et al., 2010) and facilitating renewed growth
in roots after abiotic stress (Fan et al., 2006). The second significant process revealed by
the GO analysis is glutathione synthase activity. Glutathione is a strong nonenzymatic
antioxidant that is thought to play an important role in cell membrane damage prevention
and has been shown to confer abiotic stress tolerance in many different plant species,
including tolerance to salinity, drought, toxic metals, and extreme temperatures (reviewed
by Hasanuzzaman et al., 2017). Specifically in maize, increases in glutathione
concentration have been linked to protection against chilling-induced injury in cold-
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sensitive maize lines (Kocsy et al., 2001), lending credence to our hypothesis that the maize
grown by new American farmers has experienced some level of adaptation to New
England’s colder climate.

In conclusion, we found evidence of positive selection acting in numerous places
across the genome and revealed significant GO-terms that indicate selection on possible
cold tolerance mechanisms in maize. We did not find substantial evidence to suggest
enrichment for genes controlling flowering time; however, we note that flowering time is
an especially complex trait that is controlled by hundreds of small-effect QTL (Buckler et
al., 2009) and may require higher-depth sequencing or more samples to identify. We also
note that the results of GO analyses are dependent on the current state of knowledge for
any particular species (in this case, the B73v4 annotated reference), and the absence of
evidence for a function does not equate to evidence for the absence of the function itself
(Gaudet and Dessimoz, 2017). Ultimately, in terms of studying potential adaptation, we
think it would be interesting to expand this investigation by sampling from a broader range
of new America farms and gardens in New England, as well as collecting samples from the
same populations over time, which would allow us to investigate how signatures of

selection shift in the populations as time since original introduction increases.

2.5 Conclusion
Ultimately, this research presents a case study in which forced-human migration
and resettlement to a disparate environment has affected genetic change in a traditional
crop. We have shown in this study that methods in population genetics can specify the
degree and direction of these genetic changes, and our results provide novel insight into
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how the farms and gardens that are tended by resettled refugees can support unique sources
of agrobiodiversity and potentially catalyze contemporary adaptation in landraces outside
of traditional farming systems. To this end, it has been previously suggested that resettled
refugee and immigrant gardens serve as a hybrid form of in situ and ex situ conservation
(Heraty and Ellstrand, 2016). We conclude by recognizing that refugee seed systems are
valuable sources of agrobiodiversity; however, we refrain from identifying resettled
refugee communities as “stewards” of this diversity. We do not believe that refugee seed
systems reflect or benefit from the same standards employed by in situ conservation
paradigms, whereby responsibility is placed on farmers for maintaining traditional crop
resources. Rather, noting the potential of these systems, we encourage interdisciplinary
collaboration and the establishment of participatory breeding programs to empower
resettled refugees with resources to more effectively adapt their traditional crops to their
new environment, ultimately supporting increased food security, food sovereignty, and the

generation of new agrobiodiversity.
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